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ABSTRACT
ALTERNATE NOVEL THERMAL STRUCTURE INTERACTION
DESIGNS OF MOLTEN SALT SHELL STRUCTURES AT HIGH
TEMPERATURES RANGING FROM 565˚C TO 700˚C
By Nathan Loyd
An PhD Dissertation Prepared Under the Direction of
Dr. Samaan G. Ladkany, PE
Professor of Civil Engineering
Excess energy from solar power stations and other baseline power production methods can
be stored in molten salts (MS) in the 565°C range, therefore allowing the use of large containers
to store energy for up to a week and generate eight hours of electricity or more to be used during
peak demand hours, at night, or adverse weather conditions, depending on the container size.
Supported by Office of Naval Research (ONR), this research presents a survey of molten salt
properties used in solar power storage, as well as the history of molten salt usage for energy storage
and production for nuclear and solar energy storage and production. Real life examples of
concentrating solar power (CSP) plants, both domestically and worldwide, are presented with
details about the type of solar collection, capacity, and energy production. Recommendations are
made regarding the efficient use of various types of molten salt.

In addition, the design

considerations for molten salt storage tanks are presented. An optimal molten salt cylindrical
storage tank design layout is presented, as well as a practical cylindrical tank design and the
considerations that go into the design. Two alternative shell shape designs for the storage tanks
are also explored. In addition, heat transfer effects from the storage tanks due to the molten salts
are explored as these considerations also impact the design process for tank construction.
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CHAPTER 1
INTRODUCTION
1.1

PROJECT SUMMARY
Given their capacities for heat storage, molten solar salts are effective at storing excess

energy for later use. This is accomplished by storing molten salts in a closed system that use large
insulated tanks. However, storing molten salts at the temperatures required to produce electricity
can provide its own challenges. That is why this research, which was started with a $750,000 grant
from the Office of Naval Research (ONR), is focused on determining the best way to store molten
salts and the best way to design the storage structures. This research has already been published
into three journal articles, as well as two conference papers and a thesis. All of the journal articles
were written by Dr. Samaan Ladkany, Dr. William Culbreth, and Nathan Loyd for the Journal of
Energy and Power Engineering, and are “Molten Salt History, Types, Thermodynamic and
Physical Properties, and Cost” (2018), “565ႏ Molten Salt Solar Energy Storage Design,
Corrosion, and Insulation” (2018) and “Worldwide Molten Salt Technology Developments in
Energy Production and Storage” (2018). The two conference papers, written by Nathan Loyd and
Dr. Samaan Ladkany, were presented for the International Structural Engineering and Construction
(ISEC) Society and their August 2020 EURO-MED-SEC-3 Conference in Cyprus. These papers
are titled “Alternative Designs of Molten Salt Storage Shells for Use in Solar Energy Storage”
(2020) and “Latest Worldwide Developments in Molten Salt Technology and Applications”
(2020). The thesis that was published, and written by Nathan Loyd, is Solar Energy Storage in
Molten Salt Shell Structures (2016).
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1.2

IMPORTANCE OF RESEARCH
Large containers can be used to store energy at excess temperatures in order to generate

eight hours or more of electricity, depending on the container size, to be used during peak demand
hours or at night for up to a week. Energy storage allows for a stable diurnal energy supply and
can reduce the fluctuation due to weather conditions experienced at thermal solar power stations.
Power towers typically operate with an upper (bulk salt) temperature limit of 565ºC, based on salt
stability in air. Peak, short-term salt film temperatures in the receiver of up to 600ºC are typically
allowed, without negative effects (Ladkany et al. 2018c).
However, as expanded on in the Literature Review, Halotechnics has developed a salt that
can operate at 700C, allowing for the use of an indirect Brayton cycle, which is more efficient
than the Rankine cycle used with Solar Salt (Raade et al. 2013a). Based on the properties of
SaltStream700 (SS700) that are given in the Literature Review, using SS700 at a temperature of
700C will provide for a 52% increase in heat capacity in the storage tank compared to the previous
use of Solar Salt at 565C (Raade et al. 2013a). In addition, if an indirect Brayton cycle is used at
700C to heat Supercritical CO2 instead of a Rankine cycle heating steam, this change provides an
increase in efficiency by 16% (Ahn et al. 2015). If these two alternatives are applied together, the
combined increase in efficiency is 76% when compared to a Rankine cycle at 565C using Solar
Salt. These increases in efficiency allow for more energy savings, and when used on a larger scale,
can reduce land use when constructing tanks, and as a result, reduce costs (Ladkany et al. 2018c).
Another focus of research involves determine whether there are better ways to store molten
salt. A particular aspect of interest is exploring various structural shapes used in designing the
storage shells. Relative heat losses are minimal in larger scale MS tanks, but in smaller tanks such
as those serving 10 MWt or less, heat losses are especially important because heat losses are
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proportional to the surface area over volume. It is important to minimize the requirements for
building materials – stainless steel in particular – which is why it is important to explore alternative
MS shell designs. These alternative shells that are being explored include truncated spherical tanks
and drop shell tanks. These shell designs were recommended for investigation by Loyd (2016).
One advantage with using drop shells over cylindrical shells is that drop shells have lower
MS hydrostatic pressures on the shell walls, which allows for thinner structures, and this can
reduce the amount of steel used. Drop shells also have lower surface to volume ratios than
cylindrical tanks because of their aerodynamic shape, decreasing the relative heat loss. The design
concept being used is a modified constant stress liquid storage tank shell design, which uses two
smoothly joined toroidal shells of two different radii. This differs from a true drop shell because
the shell does not have a continuously variable meridional radius, as in the nonlinear theory of
liquid tanks of constant stress (Flugge 1960). This simplification is being done for constructability
purpose.

1.3

PROJECT OBJECTIVES

1.3.1 Objective 1: Novel Molten Salt (MS) Storage Shell Designs
Design of alternate novel highly efficient shell structures designs and cylindrical tank
structures to store and save excessive solar, nuclear or other spin off energy for long-term electric
power production using molten salt are considered and presented in this dissertation. The design
focus is on improving the power production efficiency by using alternate MS shell structure
designs and elevated temperatures in the 700˚C range. Shell structure designs, other than circular
cylinders, which result in reducing the structural mass of the MS tanks and the use of substantially
lower amount of costly stainless steel through the use of a hybrid shell design are presented in this
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research. Thermal losses are reduced by using fire brick and high temperature concrete grout in
some of the designs and by reducing the surface to volume ratio as in the case of an egg drop
constant stress shell design or in a truncated spherical shell design as recommended by Loyd
(2016) and Ladkany et al (2018b). Ground support foundation designs and thermal insulation
scenario, for the various tank designs, that protect the post-tension concrete structures from the
extreme temperatures during a design life of 50 years are presented.

1.3.2

Objective 2: Improved Storage Capacity
A cylindrical shell tank structure design using elevated molten salt temperatures of 700˚C

and above, instead of the current temperature proposed for MS storage in the 565˚C range and
using chloride based salts with higher heat capacity and thermal stability at temperatures in the
700˚C range than the solar salts currently in use, is analyzed and presented in this research, as
recommended by Ladkany et al (2018 a,c).

1.3.3 Objective 3: Improved Efficiency
Efficiency is also enhanced by minimizing heat losses form the molten salt to the external
shell layer and by properly designed external ceramic insulations overwrapping the steel shell
structures. The cost of MS storage is also achieved by the reduction of stainless and carbon steel
material thicknesses, given the elevated molten salt temperatures stored at 700˚C and above. This
is achieved by introducing internal insulation layers of fire brick, very high temperature well
concrete mortar used by NASA in engine firing chambers and sand into the hybrid MS shell
designs presented, a cylindrical shell, a constant stress drop shell structure and a truncated
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spherical shell structure (Calle et al. 2009). All of this was recommended by Ladkany et al (2018
b,c).

1.4

PROJECT CONTRIBUTION
Ultimately, the contribution of this research is to improve the overall process of using

molten salts to store solar and other energy sources, and to propose extensive designs for MS
energy storage at elevated temperatures of 700˚C and possibly above if a new salt mix is proved
to be stable at temperatures in the range of 800˚C. By improving the efficiency of power
production through high temperatures in the 700˚C range, molten salt energy storage, the viability
of using solar energy and hybrid nuclear-solar energy to produce power is improved. This is
important because of potential financial savings in numbers of storage units and land space used.
Society is at turning point in addressing the issues related to climate change, particularly the
prevalence of excessive greenhouse gases. Because of these concerns, renewable forms of energy,
such as solar energy, are being sought after in order to reduce this concern and provide a lower
carbon footprint compared to traditional power production means. This research was ultimately
recommended by Loyd (2016) and Ladkany et al (2018 a-c).
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CHAPTER 2
REVIEW OF MOLTEN SALTS, MATERIALS FOR
MS STORAGE, AND SOLAR ENERGY STORAGE
TECHNOLOGY
2.1

INTRODUCTION
A literature review has been performed on various aspects of the use of molten salts for

energy. This includes a history of molten salts usage, ranging from use in nuclear energy
production all the way to being used for storing solar energy for energy production. Also discussed
are the current worldwide advancements in molten salt usage and technology. The physical,
thermodynamic, and corrosive properties of common molten salts are outlined, as well as some
cost considerations. Lastly, the current methods of using insulated stainless steel cylindrical shells
in molten salt storage are presented.
The material as collected by the researchers at the University of Nevada, Las Vegas
(UNLV) Molten Salt Project, including information provided via a 2015 report to the project by
Dr. Craig Tyner, that is presented in this dissertation has also been made available through the
publication of a series of three journal articles. These articles, all written by Dr. Samaan Ladkany,
Dr. William Culbreth, and Nathan Loyd for the Journal of Energy and Power Engineering, are
“Molten Salt History, Types, Thermodynamic and Physical Properties, and Cost” (2018), “565ႏ
Molten Salt Solar Energy Storage Design, Corrosion, and Insulation” (2018) and “Worldwide
Molten Salt Technology Developments in Energy Production and Storage” (2018).
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2.2

A HISTORY OF MOLTEN SALTS
Oak Ridge National Laboratory (ORNL) first started using molten salts in 1950 to develop

and test a nuclear powered aircraft engine using molten salts before focusing on using molten salt
with nuclear reactors in 1954. ORNL wanted to take advantage of the thermal stability of molten
salts when developing these nuclear reactors since they would not decompose under the high
temperatures in these nuclear reactors. The U.S. Atomic Energy Commission (AEC) started
studying various breeding reactor concepts, which produces more fissionable material than it
consumes. During the 1960s, ORNL developed a molten salt test breeding reactor that was
relatively successful, the Molten Salt Reactor Experiment (MSRE), which was directly competing
with the Liquid Metal Fast Breeding Reactor (LMFBR) project, another nuclear reactor. The
LMFBR project was aggressive in pursuing funding to develop its reactor during the 1960s. As
such, when the MSRE was successfully completed in 1969 and was interested in an additional
$350 million in funding from the AEC for the 1970s, their request was denied because the AEC
was committing $400 million per year through 1975 on the LMFBR project. As such, molten salt
nuclear reactor research in the United States came to an end with ORNL publishing its last report
on the MSRE to the AEC in 1976. In this report, ORNL presented a final reactor from the MSRE
that was a demonstration breeding reactor which addressed both the interactions involving tritium
and the reactor coolant and the tellurium induced cracking in the reactor. In addition, societal
changes also doomed the research into molten salt nuclear reactors as well as fears of uranium
proliferation and reactor accidents. ORNL did publish one last report in 1980 which focused on a
conceptual design for a new type of breeding molten salt reactor that never came to fruition using
denatured uranium (MacPherson 1985, Molten-Salt 1976, and Engel et al. 1980).
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ORNL completed its first molten salt reactor in 1954, which operated for several days at a
maximum temperature of 1620°F. Using various molten fluorides, including thorium fluoride
(ThF4) and uranium fluoride (UF4), these early molten salt reactor concepts were non-breeding
(MacPherson 1959). However, by 1959 the AEC had shifted its sole focus in molten salt reactors
to breeding reactor concepts, leading to the proposal of the MSRE to AEC in order to develop and
test a molten salt breeding reactor (Molten-Salt 1976). This reactor started construction in 1962,
became operational in 1965, and was designed to produce 10 MW of electricity. A 1962 report to
President John F. Kennedy promoting the benefits of breeding reactor research included both the
MSRE along with the competing LMFBR project. After this report was published, the LMFBR
project started its aggressive funding campaign. Despite the success of the MSRE, three major
concerns that needed to be addressed stood out, which were addressed in Rosenthal et al. (1972)
and Perry and Weinberg (1972). First, the Hastelloy-N being used in the reactors was subject to
radiation hardening in which helium was accumulating at grain boundaries due to carbide
precipitates in the alloys. Second, radioactive hydrogen, or tritium, was produced by neutron
reaction with lithium, which is a concern because the tritium can penetrate various metals. Finally,
the Hastelloy-N piping was developing small cracks due to tellurium. It was recommended that
fast neutron radiation be limited around vessel walls to prevent the radiation hardening. A salt
coolant was found that could absorb the tritium and be removed, which would allow for the
removal of excess tritium. Lastly, research showed that tellurium cracking could be reduced if the
fuel was kept on the reducing side of the reactor.
Despite the development of solutions to these issues and the belief that this would lead to
the next step of research at ORNL once the original MSRE was completed, it was competing for
funding against the further along and heavily invested LMFBR project. Despite there being
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industrial support for these molten salt reactors, which the AEC wanted before even considering a
funding request, the AEC ultimately ignored this support and ordered the termination of the
research. All of this occurred when it was expected that the capital costs of the molten salt reactors
were less than the LMFBR project (Rosenthal et al. 1972, Perry and Weinberg 1972). This was
because of the fact that molten salts have a higher heat capacity than sodium, the fuel handling is
simpler, molten salt reactors do not have to worry about a “core disruptive accident” happening,
the coolant is more compatible with water, and the molten salts have a smaller thermal conductivity
to limit thermal shock (MacPherson 1985). As a result, this shows that molten salts are useful
because of their thermal capacity and conductivity, as well as being relatively safe, even in a
nuclear reactor.
In 1993, Solar Two was developed in the Mojave Desert in California, becoming the first
solar plant that was a Molten Salt Energy Storage System (MS-ESS). This facility was a test
facility that was designed to store 10 MW of electricity for one hour from Concentrating Solar
Power (CSP) reflective panels, or heliostats, reflecting sunlight into centralized tower. After
absorbing the reflected sunlight, the towers would use the energy as heat to warm the molten salt
for heat energy storage. Despite providing valuable insight into use of both MS-ESS and CSP,
maintenance had become exhaustive and Solar Two was not being properly maintained, which
undercut the performance of the system. Finally, Solar Two was decommissioned in 1999 and the
National Renewable Energy Laboratory (NREL) published a short report in 2000 on their findings,
followed up by Sandia National Laboratory publishing its detailed report in 2002, to provide the
full research provided by this project (Solar Two 2000 and Pacheco 2002). This research has
proven to be valuable in aiding the commercial worldwide development of MS-ESS.
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2.3

LITERATURE REVIEW ON MOLTEN SALT APPLICATIONS

2.3.1

Literature Review for Advantages of Molten Salt Usage
The defining characteristic for molten salt technology in both Molten Salt Reactors (MSR)

and Molten Salt Energy Storage Systems (MS-ESS) is the ability of molten salts to store heat
(Hoglund 1997). As mentioned earlier, the first application of molten salts was for use in nuclear
reactors. The molten salt fuels used in these reactors usually mix fluoride with any of the
following: uranium, beryllium, thorium, and lithium. Compared to other nuclear reactors, MSRs
are known for their unmatched safety because they cannot melt down because the fuel is already
molten to begin with, unlike the solid fuel in traditional reactors. Another safety feature for an
MSR is that if the reactor is overheating, which is when the salt is over 700°C, due to fission, the
salt will melt a spill plug and fall into a cooling circulation loop that is filled with water. This will
cool down the tank by reducing the fission in the tank. Also, should a tank breach occur, the fuel
will freeze at atmospheric temperatures. In addition, radiation will not disperse during a breach
because the salt is not pressurized like fuel in a traditional reactor. MSRs also produce less waste
than traditional reactors. The ceramic uranium rods used in traditional reactors can be cracked by
the xenon that is a byproduct of fission, and a cracked rod must be disposed of even if there is
leftover fuel. With MSRs, the fuel does not need rods since it is in liquid form. The gas that is
produced during fission in MSRs can be captured and removed since it just rises to the top of the
tank. These safety features make MSRs cheaper than traditional reactors because the MSRs
require fewer safety measures and redundancies than traditional reactors. MSRs can also aid in
the quest to limit the proliferation of nuclear weapons because most of the fuel, which are the
actinides, is consumed while in the reactor, thereby reducing the amount of available waste that
can be used in proliferation. Lastly, MSRs can consume the leftover fuel and waste from
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traditional reactors as fuel as well, further helping reduce the waste that can be proliferated
(Williams 2017).
One of the biggest benefits with using molten salts for nuclear and solar power applications
is that there is no carbon footprint left behind like with natural gas and coal power plants. Some
MSR concepts can consume 99% of their fuel, such as the liquid fluoride thorium reactor (LFTR).
Unlike the waste from traditional reactors, which have to be buried for a minimum of 10,000 years,
the little waste that is produced by MSRs only have to be buried for 300 years. LFTRs can be
scaled down unlike traditional reactors, and this allows for a wider range of applications. Also,
LFTRs can take advantage of more efficient cycles that convert heat into electricity because they
can operate at higher temperatures than traditional reactors (Mosher 2017 and Elsheikh 2013).
The most distinct feature of molten salts is that they can also be used as a coolant in addition
to serving as the fuel for the reactor. Being chemically inert, molten salts cannot combust, only
decompose, so neither water nor air will combust molten salts. The boiling point of molten salts,
which is at least 1670 K, is significantly less than the operating temperature of the MSR (973 K).
The lack of any recent accident analysis into these MSR concepts to provide insight into what a
possible accident would resemble does present a slight concern, since regulators have a harder
time assessing the full risk of an MSR. As stated earlier, should an incident occur, the molten salts
are self-containing (Elsheikh 2013).

2.3.2

Modern Molten Salt Nuclear Power Applications
Given these considerations, the current trend in the United States, which has seen the total

stoppage of nuclear reactor development as well as the decommissioning of current reactors, could
be reversed (Temple 2017). Despite the weariness in the United States, MSR development is being
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explored in other countries, including Canada, China, and the Netherlands (Chen 2017, Martin
2016, Conca 2017, Thorium 2017).
In northern China, the development of two MSRs is being financed by the central
government in order to help meet the country’s electrical demands, with the original expectation
that these reactors be up and running by 2020. Because of the abundance of thorium in China,
these reactors will be using thorium based salts as fuel, but they can also consume existing uranium
based salts. The biggest challenge for these reactors have been the expected effects of the salts on
the piping used in the reactors. If successful, the Chinese military could develop their own MSRs
to power naval ships, aircraft carriers, and nuclear powered drones (Chen 2017 and Martin 2016).
An MSR design called the Integral Molten Salt Reactor (IMSR) by Terrestrial Energy, Inc.
(TEI) was being assessed by Canadian regulators. The molten uranium salts used in the IMSR can
be used as reactor fuel as well as serve as the coolant. Heat decay in the tank, which sees the heat
transferred in the tank by its own convection before being absorbed by the wall, provides for the
cooling in the tank. Should Canadian authorities approve this project, they would need to find a
suitable location for the reactor, which includes the Canadian National Laboratory in Chalk River,
Ontario. The U.S. Department of Energy (DOE) has advertised for the development of a similar
concept through their loan guarantee program. Under this program, the DOE promised that it will
finance the construction of the reactor at the Idaho National Laboratory (INL) (Conca 2017).
The Nuclear Research & Consulting Group (NRG) in The Netherlands is performing the
first reactor experiment in 40 years that makes use of thorium based fuel. The fuel in this reactor
will be a compound composed of lithium fluoride and thorium fluoride salts, which will produce
power from four crucibles. A second concept that makes use of a compound composed of lithium
fluoride and beryllium fluoride will be tested should the first reactor be successful (Thorium 2017).
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2.3.3

Modern Molten Salt Solar Power Applications

Table 2.1: U.S. CSP Plants and Their Capacities (CSP Today and NREL)
Size
MS Storage
Project
Technology (MW)
Status
Hours
MWh
AREVA demonstration plant at Sandia Labs
Fresnel
1
Decommissioned
1
1
Chevron/BrightSource Coalinga
Tower
29
Operational
—
—
Crescent Dunes
Tower
110
Operational
10
1100
Genesis Solar 1
Trough
125
Operational
—
—
Genesis Solar 2
Trough
125
Operational
—
—
Holaniku at Keyhole Point
Trough
2
Operational
—
—
Ivanpah Solar Electric Generating Station I
Tower
126
Operational
—
—
Ivanpah Solar Electric Generating Station II
Tower
133
Operational
—
—
Ivanpah Solar Electric Generating Station III
Tower
133
Operational
—
—
Kimberlina
Fresnel
5
Operational
—
—
Martin Next Generation Solar Energy Center
Trough
75
Operational
—
—
Mojave Solar Project
Trough
280
Operational
—
—
Nevada Solar One
Trough
64
Operational
—
—
Saguaro Power Plant
Trough
1
Operational
—
—
SEGS I
Trough
14
Operational
—
—
SEGS II
Trough
33
Operational
—
—
SEGS III
Trough
33
Operational
—
—
SEGS IV
Trough
33
Operational
—
—
SEGS V
Trough
33
Operational
—
—
SEGS VI
Trough
33
Operational
—
—
SEGS VII
Trough
33
Operational
—
—
SEGS VIII
Trough
89
Operational
—
—
SEGS IX
Trough
89
Operational
—
—
SierraSunTower
Tower
5
Operational
—
—
Solana
Trough
280
Operational
6
1680
Solar Two
Tower
10
Decommissioned
3
30
Stillwater CSP-Geothermal Plant
Trough
2
Operational
—
—
Sundt Solar Boost
Fresnel
5
Operational
—
—
Tooele Army Depot
Dish
2
Non-Operational
—
—
Total
1,903
3 GWh

Besides the recent developments in MSR projects, the worldwide development of Molten
Salt Energy Storage Systems (MS-ESS) has grown rapidly (Hoglund 1997). MS-ESS technology
has evolved since the debut of Solar Two in 1993, and this has led to the development of 44 current
MS-ESS plants that are either operational or under construction, followed by another 24 MS-ESS
plants that are in planning. Table 2.1 shows the concentrating solar power (CSP) installations in
the United States (CSP Today, NREL, and Ladkany et al. 2018c). The Gemasolar plant in
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Andalucía, Spain, was the first near-commercial to make use of MS storage with a capacity of 20
MW electrical (MWe). This concept, which is called Solar Tres, involved U.S. companies that had
been suppliers for the Solar Two project. Gemasolar can take in 120 MW thermal (MWt) of power
compared to the 43 MWt at Solar Two, while providing a larger storage system, which is 300
Megawatt-hours (MWh) for Gemasolar, compared to the 30 MWh of storage at Solar Two. Since
being completed in 2011, Gemasolar has been operating and continuously providing full power
under great solar conditions during summertime (Burgaleta et al. 2003 and Torresol Energy 2011).
All worldwide MS CSP plants that are in operation or under construction are listed in Table 2.2
(CSP Today, NREL, and Ladkany et al. 2018c).
The only large scale and truly commercial power tower plant that is based on the Solar
Two concept is the Cresent Dunes plant outside Tonopah, Nevada. Built by SolarReserve and
completed in 2015, the plant can take in 110 MWe and has 10 hours of storage, supplying
continuous power to the Nevada grid during summertime (SolarReserve 2013 and 2014). All
worldwide MS CSP plants that are currently being planned are listed in Table 2.3 (CSP Today,
NREL, and Ladkany et al. 2018c). Based on Table 2.1, only two CSP plants in the United States
use MS energy storage, with a combined capacity of 2.8 GWh between them. Based on Table 2.2,
the leading user of MS energy storage is Spain with a capacity of 8.0 GWh across 21 CSP plants.
With a capacity of 6.9 GWh across 10 CSP plants, China is a close second. When considering
Table 2.3, China could pass Spain with the completion of 10 more CSP plants with a combined
capacity of 6.1 GWh. However, with one CSP plant that has a capacity of 1.9 GWh and three
more with a combined capacity of 14.6 GWh in planning, Chile could become the world leader in
MS energy storage (SolarReserve 2014 and Tyner and Wasyluk 2013).
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Table 2.2: Current Worldwide Molten Salt CSP Plants and Their Capacities (CSP Today and NREL)
Size
MS Storage
Project
Country
Technology (MW)
Status
Hours
MWh
Atacama-1
Tower
Chile
110
Construction
17.5
1925
Golmud
Tower
China
200
Construction
15.0
3000
Hami
Tower
China
50
Construction
8.0
400
Huanghe Qinghai Delingha
Tower
China
135
Construction
3.7
500
Qinghai Delingha
Trough
China
50
Construction
9.0
450
Rayspower Yumen
Trough
China
50
Construction
7.0
350
SunCan Dunhuang Phase I
Tower
China
10
Operational
15.0
150
SunCan Dunhuang Phase II
Tower
China
100
Construction
11.0
1100
Supcon
Tower
China
50
Construction
2.5
125
Urat Middle Banner
Trough
China
100
Construction
4.0
400
Yumen 50 MW Tower
Tower
China
50
Construction
9.0
450
Archimede
Trough
Italy
5
Operational
8.0
40
ASE Demo Plant
Trough
Italy
2
Operational
1.0
2
Noor I
Trough
Morocco
160
Operational
3.0
480
Noor II
Trough
Morocco
200
Operational
7.0
1400
Noor III
Trough
Morocco
150
Construction
7.0
1050
Bokpoort
Trough
South Africa
50
Operational
9.3
465
Kathu Solar Park
Trough
South Africa 100
Operational
4.5
450
KaXu Solar One
Trough
South Africa 100
Operational
2.5
250
Xina Solar One
Trough
South Africa 100
Operational
5.5
550
Andasol 1
Trough
Spain
50
Operational
7.5
375
Andasol 2
Trough
Spain
50
Operational
7.5
375
Andasol 3
Trough
Spain
50
Operational
7.5
375
ASTE - 1A
Trough
Spain
50
Operational
8.0
400
ASTE - 1B
Trough
Spain
50
Operational
8.0
400
Arenales
Trough
Spain
50
Operational
7.0
350
Astexol-2
Trough
Spain
50
Operational
7.5
375
Casablanca
Trough
Spain
50
Operational
7.5
375
Extresol 1
Trough
Spain
50
Operational
7.5
375
Extresol 2
Trough
Spain
50
Operational
7.5
375
Extresol 3
Trough
Spain
50
Operational
7.5
375
Gemasolar
Tower
Spain
20
Operational
15.0
300
La Africana
Trough
Spain
50
Operational
7.5
375
La Dehesa
Trough
Spain
50
Operational
7.5
375
La Florida
Trough
Spain
50
Operational
7.5
375
Manchasol 1
Trough
Spain
50
Operational
7.5
375
Manchasol 2
Trough
Spain
50
Operational
7.5
375
Termosol 1
Trough
Spain
50
Operational
9.0
450
Termosol 2
Trough
Spain
50
Operational
9.0
450
Valle 1
Trough
Spain
50
Operational
7.5
375
Valle 2
Trough
Spain
50
Operational
7.5
375
Greenway CSP
Tower
Turkey
5
Operational
1.0
5
AREVA demonstration plant
Fresnel
USA
1
Decommissioned
1
1
Crescent Dunes
Tower
USA
110
Operational
10.0
1100
Solar Two
Tower
USA
10
Decommissioned
3.0
30
Solana
Trough
USA
280
Operational
6.0
1680
Total
3,198
24 GWh
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Table 2.3: Planned Worldwide Molten Salt CSP Plants and Their Capacities (CSP Today and NREL)
Size
MS Storage
Project
Country
Technology
(MW)
Hours
MWh
Aurora Solar
Tower
Australia
150
8.0
1200
Copiapó
Tower
Chile
260
14.0
3640
Likana
Tower
Chile
390
13.0
5070
Tamarugal
Tower
Chile
450
13.0
5850
Chabei
Trough
China
64
16.0
1024
Dacheng Dunhuang
Fresnel
China
50
13.0
650
Gansu Akesai
Trough
China
50
15.0
750
Golden
Tower
China
100
8.0
800
Gulang
Trough
China
100
7.0
700
Qinghai Gonghe
Tower
China
50
6.0
300
Shangyi
Tower
China
50
4.0
200
Urat
Fresnel
China
50
6.0
300
Yumen 100 MW Tower
Tower
China
100
10.0
1000
Yumen 50 MW Trough
Trough
China
50
7.0
350
Minos
Tower
Greece
52
5.0
260
Diwakar
Trough
India
100
4.0
400
Gujarat Solar One
Trough
India
25
9.0
225
KVK Energy Ventures
Trough
India
100
4.0
400
Ashalim
Trough
Israel
110
4.5
495
Shagaya
Trough
Kuwait
50
10.0
500
Ilanga I
Trough
South Africa
100
4.5
450
Redstone
Tower
South Africa
100
12.0
1200
DEWA Tower
Tower
UAE
100
15.0
1500
DEWA Trough
Trough
UAE
600
10.0
6000
Total
3,251
33 GWh

2.3.4

Molten Salt Solar Off Grid Applications
Concentrating solar power (CSP) commercial systems have been exclusively on-grid large

scale systems. There have been considerations for off-grid small scale CSP systems for use in
providing power to small towns and villages, mining operations, military installations, and other
industrial uses, usually with either small parabolic troughs or dish and engine systems. However,
extreme reductions over the last decade in the costs associated with photovoltaic (PV) systems
have all but eliminated the option for off-grid applications (OGA). The lone exception to this trend
is off-grid applications that require energy storage. Battery storage for PV systems is limited,
expensive, and not yet cost-competitive for use in large scale systems (Ladkany et al. 2018c).
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Military uses of off-grid MS storage systems are possible, but require clearing various
hurdles to get to that point. Typically, standard fossil fuel powered OGAs are expensive when
considering costs on a per kWh basis. However, the Levelized Cost of Energy (LCOE) in smaller
CSP systems tends to increase significantly the smaller the system gets. This means that despite
using the same technology for solar intake and MS storage, the LCOE of a 10 MWe system is
double the LCOE of a 100 MWe system. Besides the cost effects of scaling, costs are also inflated
due to the lower efficiencies that are associated with smaller turbines. Another issue with smaller
scale MS-ESS operations is that should an outage occur, salt freezing can occur much quicker than
freezing in larger scale operations, which would take at least several weeks to freeze in the tanks.
Should an outage occur in a smaller plant, salt freezing can be a costly problem to deal with
(Ladkany et al. 2018c).
The final concern with off-grid applications is that CSP, even with MS storage, will not
always be available on demand. During summertime, power can be made available continuously
when operating at its maximum storage level, which is at least 75% capacity. Cloudy weather will
provide less availability and during wintertime, the shorter days will result in using only 50% of
the storage capacity. As such, off-grid MS-ESS installations would not be able to fall back on
pulling power off the grid like on-grid operations would when MS storage is not adequate. Having
said that, smaller scale OGAs that use CSP and MS-ESS still remain a possibility. Trough systems
still can be scaled down as much as its needed, but they would be subject to the cost concerns of
scaling down as previously mentioned. Scaling down power tower systems is even less effective,
with the expection of the eSolar concept. With a base module of 50 MWt, the eSolar concept
shows that it is possible for a single module to be scaled down to the 8-10 MWt range while

17

operating at a capacity of 45-50%. MS-ESS operations can also be scaled down to this range as
well, while accounting for the concerns that come with scaling down (Ladkany et al. 2018c).

2.4

LITERATURE REVIEW ON MOLTEN SALT STORAGE TANKS

2.4.1

Literature Review for an Optimal MS Storage Tank Design
An optimal molten salt storage tank design procedure was presented by Gabrielli and

Zamparelli (2009). The first step in their process was determining the height and diameter of the
tank. This was followed up by determining the thicknesses of all shell layers that minimize heat
losses. A finite element model (FEM) analysis along with a cost analysis recommended an optimal
design. This procedure was reviewed by Ladkany et al (2018c).

2.4.2

Literature Review on the Operations of a Molten Salt Storage System
While sharing many common features and characteristics, there are important differences

as well between parabolic trough systems and power tower systems. Both concepts can make use
of Molten Salt Energy Storage Systems (MS-ESS) in different ways (Ladkany et al. 2018c).
When used in power tower systems, molten salt is used for both energy storage as well as
a working fluid. With Solar Salt, it begins to liquefy in the 225-240°C temperature range in the
cold storage tank, and then the cold salt is pumped from the cold tank at a temperature of 285ºC to
the receiver in order to be heated to 565ºC, and then finally pumped into the hot storage tank.
Once the molten salt is needed to produce power, the hot salt is pumped to the steam generator,
where 550ºC steam is produced to drive the reheat steam turbine. Afterwards, the salt is pumped
backed into the cold tank as cold salt, and the process is allowed to repeat itself (Ladkany et al.
2018c).
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Molten salts can only be used for storage in parabolic trough systems. Circulating through
the solar field as a working fluid is synthetic oil, which is heated to 400ºC. This limit comes from
a variety of factors, including oil thermal stability, high temperature oil vapor pressures, and the
sun concentration ratios of the troughs, which are on the low side at 80-100 and can result in higher
thermal losses. Steam for the turbine is produced from the hot oil, and when there is MS storage,
the remaining heat in the hot oil that cannot be used in the turbine is delivered to the hot tank to
transfer heat to the molten salt through conventional heat exchangers. When needed, the hot salt
is then delivered to the heat exchangers to heat cold oil to 400ºC and then the cold salt, which is at
285ºC, is pumped into the cold tank until it is needed to absorb heat from the hot oil. Because of
this configuration, the temperature differential (ȟܶ) between the cold and hot salts is only 115ºC
for the trough system, while the power tower configuration has a ȟܶ of 280ºC. As such, should
the trough system be required to produce the same amount of power as the power tower system,
there would be higher costs for MS storage in the trough system. However, some of these costs
can be offset due to the fact that there would be less costs for materials in developing the storage
tanks (Ladkany et al. 2018c).
Another approach that is being investigated for use would replace the cold tank/hot tank
configuration with a single tank that uses a thermocline to separate the hot and cold salts in an
effort to reduce costs. Pancheco et al. (2002) presents a concept that was tested at Sandia National
Laboratory. A thermocline tank will be filled with a ceramic material, such as the silica sand and
quartzite mixture that was used for Sandia concept, and then Solar Salt is added into the tank. In
this concept, the cold salt sinks to the bottom since it is denser than the hot salt, allowing the cold
salt to be delivered into the receiver from the bottom of the tank. Once heated by the receiver, the
hot salt is pumped back into the tank through the top. When the hot salt is needed to produce
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steam, it is pumped from the top of the tank to the steam turbine to produce steam and then pumped
into the bottom of the tank as cold salt. The volumes for the hot salt and cold salt will vary during
operation. The volume of the hot salt will increase by pushing the barrier down when the tank is
charging, while the cold salt will see a volume increase by pushing the barrier up when the hot salt
is being used for power generation. The use of filler is meant to keep the amount of salt required
to a minimum by keeping the hot and cold separate, all while maintaining the thermal storage
capacity of the thermocline tank.

In theory, costs could be reduced from the traditional

configuration by being able to eliminate the cold tank, while also reducing material cost since filler
is usually cheaper than salt (Ladkany et al. 2018c).
Unfortunately, the thermocline still has two major disadvantages that must be addressed.
The first is that despite the efforts to separate the hot and cold salt with the filler, there is an area
around the filler that has an intermediate temperature, which can decrease the effective capacity
and efficiency of the system. The second problem is that the tank cycles between hot and cold
tank temperatures on a daily basis. Typically, hot tanks generally stay hot while cold tanks stay
cold, relatively speaking. The issue of cycling between hot and cold causes the salt to sink to the
bottom when hot. When the tank becomes colder, the filler will become more densely packed than
it was when it began sinking to the bottom, thus becoming denser with each cycle. This can cause
the filler material to become crushed, as well as cause plastic deformation in the tank that could
possibly lead to failure.

Because of these issues, there has not been any commercial

demonstrations of this concept despite some interest in doing so (Ladkany et al. 2018c).

20

2.4.3

Operations of MS Power Systems
During the 1980s, Sandia National Laboratories developed heat tracing and insulation

techniques that would eventually be used on a large scale at Solar Two. In order to perform heat
tracing on pipes, a mineral insulated (MI) cable, which is similar to the heating element in a kitchen
oven, is strapped to bare pipe, instrumented with thermocouples for control purposes, and lined
with a stainless steel foil to prevent subsequent insulation layers from getting between the pipe and
cable. The piping is maintained at a desirable temperature, which is always near or above salt
freezing temperatures, with the aid of computer control. Control zones for heat tracing can range
from using single zones for long piping runs to having control zones for every valve. As for the
insulation, the pipe is wrapped with soft batt insulation and covered by a rigid calcium silicatetype industrial insulation. Aluminum lagging is used as an outer layer of insulation to protect
against the weather. Besides reducing heat losses and preventing freezing, there must be an
adequate amount of insulation to keep surface temperatures at levels that meet the personnel safety
requirement as provided for by OSHA (Ladkany et al. 2018b).
The external insulation of MS storage tanks is similar insulation to the piping, including
flexible batt insulation and lagging. During extended outages, freezing is prevented by the use of
internal heaters. In large tanks, it would take many weeks at minimum for salt freezing to occur.
Heat tracing and insulation in MS storage tanks usually do not pose as major issues for tank
performance and maintenance if everything is installed properly. This requires that installations
follow exact specifications, otherwise local overheating as well as heat induced pipe corrosion can
occur. Poor insulation can also result in gaps that expose elements to freezing, especially small
pipes and tubes (Ladkany et al. 2018b).
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There are ternary mixtures that can produce melting points between 100 and 200ºC, and
this would reduce the concerns of salt freezing. These salts still would need heat tracing and
insulation, but to a lesser degree. Future research into ternary salt mixtures could prove useful as
these salts could be used to either achieve lower melting point temperatures or higher upper limit
temperatures, including for use at 700°C or higher which would allow for use of more efficient
turbine cycles. The synthetic oils that are used as working fluids in the troughs will freeze at
temperatures that are slightly above ambient temperatures. Heat tracing is generally not required
for these oils provided that they are circulated through the field and receiver piping elements during
non-solar hours in order to prevent the oil from freezing (Ladkany et al. 2018b).
One of the main issues with using molten salts as a working fluid in troughs and CLFRs is
salt freezing. Piping runs that are long, especially with exposed receiver tubing, can be difficult
to prevent from freezing or even drain (Tyner 2015). Containing molten nitrate salts can be
difficult to contain because they wick forcefully. Because flanges tend to leak, all piping joints
must be welded. Pump connections on the other hand are flanged so that the pumps can be replaced
quickly when needed. This is not a problem because the pumps are hung from the roof of the tank
and should there be a leak, the salt would fall back into the tank. While bellows seals could
theoretically be used to fully weld the valves, this would result in cracking in the event there is
frozen salt in the seal. As such, valve packing is the preferred method as it is relatively reliable at
cold salt temperatures. Valve packing is typically achieved with carbon fiber impregnated Teflon
for valves in contact with cold salt, but the packing nuts must be tightened regularly and the
packing material itself must be removed and replaced annually. Packing materials are not used for
hot valves because packing materials cannot survive the hot salt temperatures of 565°C and higher.
As such, “extended bonnets” are used with hot valves because they can reach cold salt temperatures
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through a combination of natural heat losses and heat tracing. Installing instrumentation requires
a similar level of care, such as welding the thermowells for the thermocouples and valve packing
for additional instrumentation. Should there be small leaks from the valves and instrumentation,
that salt can be knocked loose, since it is frozen, and be manually placed back into the cold tank
(Ladkany et al. 2018b).

2.4.4

Literature Review for Safety and Environmental Concerns Associated with Molten Salts
Another major issue with the use of molten salts in troughs is salt containment. The trough

ends require flexible connection since troughs track the sun. While they were used in earlier trough
systems, sealed bellows are no longer used due to catastrophic failures causing major leaks and
extreme pressure drops. As such, rotating ball joints using an oil working fluid are now the
standard for use between trough sections (Ladkany et al. 2018b).
Operating with any fluid at the temperatures associated with CSP molten salt systems have
the inherent dangers that come with those fluids being at those temperatures. For example, nitrate
salts are aggressive oxidizers but not combustible. However, nitrate salt can aid in the combustion
of organic materials, which means that the areas around a molten salt tank should be free of
combustibles such as oils, paper, and wooden pallets. As such, Sandia recommends that staff
workers wear fire suits while near pressurized salt systems that have the potential to leak, like a
steam generator since it has many connections and valves. However, this precaution may not be
necessary for all sections of the power plant (Ladkany et al. 2018b).
When considering the environmental perspective of molten salts, nitrate salts are basically
fertilizers which means that a small release into the environment is not a big concern. Should there
be a small salt leak, the salt will quickly freeze before it can spread, allowing for the quick cleanup
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of the salt and its return to the tank. Rain could present a slight challenge in cleanup if not attended
to in a timely manner since nitrate salts are soluble, which could cause the salts to spread. In the
unlikely event of a major tank leak, berming is required around the storage tanks to contain the
salts. This can be achieved through the construction of a steel wall along the outer perimeter of
the tank that can catch leaked molten salt as well as prevent the molten salt from coming into
contact with people in the event of an incident (Ladkany et al. 2016 and Tyner 2015). A major
study related to molten salt safety has been conducted by Martin Marietta (1980) that helped
Sandia develop procedures for safe molten salt operations.

2.4.5

Review of NREL and Halotechnics Molten Salt Storage Tank Experiment
Jonemann (2013) details an experimental molten salt storage system that was constructed

by Halotechnics and the National Renewable Energy Laboratory (NREL). The hot tank had a
diameter of 61.75 inch (1.568 m) and a height of 80 inches (2.032 meters), while the storage cavity
had a depth of 45 inches (1.143 meters) and a 20 inches (508 mm) diameter. This experiment was
was fully reviewed by Ladkany et al (2018c). Its small scale success proved the concept of using
very high temperatures of 700°C and above, coupled with a Brayton cycle, for a highly efficient
energy storage and production system and therefore was behind the research and design presented
in this dissertation. The NREL experiment proved that molten salt will seep through an insulating
layer of firebrick, thus a hybrid tank construction is proposed in the following research work.
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2.4.6

Firebrick and Refractory Well Concrete as an Ultra High Temperature MS Storage Shell

Insulator
Firebrick is a refractory product that is kiln baked prior to being placed. Firebrick has been
employed throughout NASA launch history and in the past, has been used to design the floors and
walls of the flame trench for the launch pads (Calle et. al. 2009). Significant damage to the walls
of the flame trench took place during the Space Shuttle Discovery (STS-124) launch. Although
precast firebricks have improved the material performance, the placement of the individual pieces
into fully operational design can be difficult. The labor costs of required skilled bricklayers for
the proper installation of the materials during structural repair and replacement is too expensive.
The cost for the materials and the labor installation are much greater than the costs for the
installation of traditional refractory concrete (Calle et. al. 2009).

2.5

HYBRID NUCLEAR MOLTEN SALT REACTOR
Popov and Borissova (2018) presented the results and analysis from a simulation of a

hybrid parabolic solar trough and nuclear reactor power plant concept. This concept, which is
called the Solar Assisted Nuclear Power Plant (SANPP), and it operates by having the parabolic
troughs collect solar energy and storing it in the molten salt, which is Solar Salt (60:40 Na:K
Nitrate by Weight), that is used as reactor fuel. When the oil flow is greater than the flow rate
required by the steam superheaters in the nuclear reactor, the salt is heated by Therminol VP-1
thermal oil, and this results in the oil forcing the molten salt from the cold tank to the hot tank.
When the oil flow rate is less than the required flow, the salt is forced from the hot tank to the cold
tank by discharging the Thermal Energy Storage (TES). Because of the fact that 18 power plants
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worldwide base their designs on the Andasol Power Plants in Spain, this concept uses Andasol as
a reference point for designing some of the components (CSP Today and NREL).
The simulation of this concept was performed using Thermoflex 25.0 in order to analyze
the SANPP system and its performance. This system was compared against a traditional power
tower system. The requirements for both systems included providing 15 hours of storage, using
the same inlet temperature (381ႏ), the same heat transfer fluid outlet temperature (395ႏ), and
producing the same net electricity that can be attributed to solar heat, which is 25,390 kilowatts
(kW). The SANPP system only needed 48,924 kW of solar heat to satisfy these demands, which
is a 51.9% electrical efficiency, while the power tower needed 70,727 kW of solar heat to meet the
same demands, which is a 35.9% efficiency. With the Levelized Cost of Energy (LCOE), the
SANPP system is cheaper than the power tower, with an LCOE of 13.45 cents per kilowatt-hour
compared to the 17.74 cents per kilowatt-hour LCOE for the power tower. Another comparison
was made between the SANPP and a traditional nuclear reactor. In this simulation, both concepts
had an intake of 160,000 kW of nuclear heat for producing electricity. The SANPP system would
also have its solar heat intake of 48,924 kW from the previous simulation that would also be used
to produce electricity. The nuclear power plant had an efficiency of 27.44% in producing 43,911
kW of electricity, while the SANPP system has an efficiency of 33.17% in producing 69,302 kW
of electricity (Popov and Borissova 2018).
In terms of viability, the SANPP system can be viable when compared to both a nuclear
reactor and a power tower. Installation costs are the last major considerations for the SANPP
system. In order to install a solar field for the SANPP system, it would cost $154,577,000, which
is significantly less than the cost for a traditional power tower solar field, which is $204,690,000.
This makes sense since the solar field for the SANPP system would be smaller based on the
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simulation results. It would cost the SANPP more to install a steam turbine, at $21,197,000, than
the steam turbine for a traditional reactor, which costs $14,057,000. This makes sense since the
SANPP nuclear reactor produces more energy than the traditional reactor (Popov and Borissova
2018).

2.6

MOLTEN SALT TYPES FOR ENERGY STORAGE
This section is focused on the properties of six molten salts: lithium nitrate, sodium

chloride, sodium nitrate, potassium nitrate, Solar Salt, which is a mixture of 60% sodium nitrate
and 40% potassium nitrate (by weight), and SaltStream700 (SS700), a salt blend patented by
Halotechnics. Besides the recently developed SS700, the remaining salts are prominently featured
in various literature focused on MS storage because they are cost effective. Other salts that can be
used in MS storage, both solo and in mixtures, include potassium chloride, lithium chloride, and
calcium nitrate (Janz 1967). The inclusion of the SS700 for consideration is because this salt can
be used at 700°C, allowing for the use of a Brayton cycle.

2.6.1

Type of Molten Salts to be Used at Elevated Temperatures of 700C
The preferred salt to use is SaltStream700 (Raade et al. 2013a). The composition of

SaltStream700 (SS700) is 23.2% Lithium Chloride (LiCl), 2.8% Sodium Chloride (NaCl), 19.2%
Potassium Chloride (KCl), 5.4% Strontium Chloride (SrCl2), and 49.4% Cesium Chloride (CsCl).
This salt is preferred due to the fact that the salt has a relatively high heat capacity. In addition, it
is designed for use at 700°C, allowing for the use of the more efficient Brayton cycle, which is
discussed further in Section 2.7.2. Additional information on salt development can be found in
Raade et al. (2013b), Raade and Padowitz (2010), and Raade et al. (2011).
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2.6.2

Review of Molten Salt Properties
Important properties to consider when choosing a suitable molten salt include its heat

capacity, density, melting point, and viscosity, amongst other properties. The melting point of salt
is important because it is used to determine the working temperature range of the salt. Viscosity
is an important consideration in determining the resistance of flow in the piping. Density is
important because it has an effect on determining the loading conditions inside the storage tanks
and piping. With these properties, one can calculate shell thicknesses, thermal expansion, ultimate
strength requirements, as well as the required heat shielding. The melting points, densities, and
viscosities of the previously listed six salts are shown in Table 2.4 (Ladkany et al. 2018a).

Table 2.4: Major Physical Properties of Solar Salts at Melting Point (Janz 1967, Haynes 2012a, Janz et al.
1972, Raade et al. 2013a, Austin 2017)
Compound or Mixture
Melting Point (°C)
Density (g/cm3)
Sodium Nitrate – NaNO3
306.5
1.900
Lithium Nitrate – LiNO3
253.0
1.781
334.0
1.865
Potassium Nitrate – KNO3
Sodium Chloride – NaCl
800.7
1.556
Solar Salt (60:40 Na:K Nitrate by Weight)
223.0
1.870 (at 625 K)
SaltStream700 (SS700)
253.0
2.260 (at 300C)
Values with a single asterisk (*) have been extrapolated for the Solar Salt mix at 580 K.

Viscosity (mPa-s)
3.038
7.469
2.965
1.459
3.172*
8.4 (at 400C)

Based on Table 2.4, the densest salt presented at a density of 2.260 g/cm3 is SS700 while
the lightest salt with a density of 1.556 g/cm3 is sodium chloride (Haynes 2012a and Raade et al.
2013a). While an important consideration, density is not the most important because of the small
differences in densities between these salts (Ladkany et al. 2018a).
The presented salt with the highest melting point at 800.7°C is sodium chloride while the
salt with the lowest melting point at 223°C is Solar Salt (Janz et al. 1972). Since the melting point
of a salt is a major consideration, this shows that sodium chloride is not only the worst salt
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presented, it is not even practical for use given its extremely high melting point. Ultimately, the
best salt based on melting point temperature is Solar Salt (Ladkany et al. 2018a).
The most viscous salt presented with a viscosity of 7.469 mPa-s is lithium nitrate, while
the least viscous salt with a viscosity of 1.459 mPa-s is sodium chloride (Janz 1967). While
viscosity is important in determining the expected resistance in the piping during flow, it is not the
most important consideration (Ladkany et al. 2018a).
Typically, a temperature of 285ºC is typically used as a minimum for cold salt use in order
to prevent salt freezing. Because of the high temperatures that come from the melting points of
these various salts, heat tracing and insulation is required for all piping except for the exposed
receiver tubes, which during non-operation must be drained to prevent freezing. Typically, all
receivers and steam generators are designed to be at the top of the tank so that any leakage can fall
back into the tank as well as drained into the tank overnight. For some MS tanks, only a minor
increase in cost is presented when 240ºC is used as a freezing temperature with the additional heat
tracing requirements. Ultimately, the freezing point must be less than the lower limit of the used
power cycle. Using a reheat Rankine steam cycle, which is typical for power towers and trough
systems, requires a lower limit temperature of 285ºC. Should a higher order power cycle that
employs higher lower and upper limit temperatures be used, such as a Brayton cycle, a higher
molten salt freezing temperature must be used, factoring in considerations for heat tracing,
insulation, and the high temperature effects on materials used in the design. To a lesser extent, the
thermal properties of the salts can affect the decision making process in considering a salt choice.
Most nitrates typically have a heat capacity that is approximately 1500 J/kg-K, so choosing
between nitrates do not need to consider heat capacity. However, chloride salts have heat
capacities that are approximately half of the capacity in nitrate salts. As such, it would cost more
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to use chlorides rather than nitrates to achieve the same higher temperatures. Thermal conductivity
is an important design consideration for the receivers and steam generators. Generally, nitrates
are not good thermal conductors, with an approximate thermal conductivity of 0.5 W/m-K. When
compared against liquid sodium, this comparison is worse because liquid sodium is twice as
conductive. The downside of liquid sodium is that it is not safe for use in thermal energy storage
(Ladkany et al. 2018a and Tyner 2015).
Since the primary purpose for molten salts is to store heat for extended periods of time, the
thermodynamic properties of molten salts are of great importance. Heat of fusion is important as
this determines the required heat that is needed to completely melt a given molten salt. Thermal
conductivity can help determine how much heat can be conducted through the salt. Lastly, the
specific heat capacity of a salt is important because it is used to determine the amount of heat that
a salt can store. Table 2.5 presents the thermodynamic properties of the main molten salts
(Ladkany et al. 2018a).

Table 2.5: Thermodynamic Properties of Solar Salts (Janz 1967, Cornwell 1970, Haynes 2012b, Janz et al.
1979, Raade et al. 2013a)
Specific Heat
Thermal
Capacity
Conductivity
Heat of Fusion
Compound or Mixture
(J/kg-K)
(kW/kg-K)
(kJ/kg)
Sodium Nitrate – NaNO3
1,551
66.6
182
Lithium Nitrate – LiNO3
1,445
84.4
387
1,146
42.6
95
Potassium Nitrate – KNO3
Sodium Chloride – NaCl
830
150.6
482
Solar Salt (60:40 Na:K Nitrate by Weight)
1,495
41.9
152
SaltStream700 (SS700)
1,450
N/A
98
Since some values were given in calories in some sources, they were converted into joules for this table (1 cal = 4.184
J or 1 kcal = 4.184 kJ) (IUPAC).

The lowest heat capacity of the presented salts is sodium chloride with a capacity of 830
J/kg-K, while the salt with the highest heat capacity is sodium nitrate 1,551 J/kg-K. Solar Salt is

30

the next highest with a capacity of 1,495 J/kg-K (Janz 1967). This makes sodium chloride the
least desirable salt in this aspect, while sodium nitrate is the most desirable salt (Ladkany et al.
2018a).
The salt presented with lowest thermal conductivity is Solar Salt with a conductivity of
41.9 kW/kg-K, while the most thermally conductive salt is sodium chloride with a conductivity of
150.6 kW/kg-K (Cornwell 1970). As for heat of fusion, the salt with the highest heat of fusion
presented is sodium chloride with a heat of fusion at 482 kJ/kg, while the lowest heat of fusion
presented is potassium nitrate is 95 kJ/kg (Haynes 2012b). The next lowest heat of fusion is Solar
Salt with a heat of fusion of 98 kJ/kg (Janz et al. 1979). With all these considerations, Solar Salt
is a very desirable molten salt for thermal storage. However, because its upper limit for usage is
565°C, this would make SS700 an even more desirable salt since it can operate at 700°C. As such,
these two salts are more favorable for energy storage compared to the other salts when considering
the physical and thermodynamic properties (Ladkany et al. 2018a).

2.6.3

Molten Salt Cost Considerations
An important consideration in selecting a salt for use in commercial systems is cost. A

storage system that has a low cost can result in a lower Levelized Cost of Energy (LCOE) for
power tower systems when compared to no molten salt storage use in such systems. Also, the
additional molten salt storage can provide for lower storage costs than the incremental costs
associated with adding a larger power block to accommodate similar incremental increases in solar
capacity (Ladkany et al. 2018a).
Storage also has the ability to add value to power that is already produced because of its
availability, whether it is for immediate use or later use. For trough systems, storage is especially
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useful since more salt is required because of the lower temperature differentials. Solar Salt is an
example of how small changes in cost can affect the selection process. A NaNO3/KNO3 compound
can achieve a lower melting temperature by using a 50/50 (by weight) eutectic versus the 60/40
(by weight) specification in Solar Salt. This is not typically done because NaNO3 is about 30%
cheaper than KNO3. The use of lithium nitrate (LiNO3) can be used to reduce salt freezing to
120°C with the presence of 30% LiNO3, but because LiNO3 is an order of magnitude costlier than
NaNO3, it is also avoided due to cost considerations (Alibaba and Ladkany et al. 2018a).
Having molten salts that are available in large quantities is especially important for
commercial purposes as it keeps costs low. Most nitrate salts are ideal in this capacity because
they can be mined as well as synthetically produced from carbonates. Since they are already used
in fertilizers with a high quantity, nitrate salts are readily available to be deployed for CSP energy
storage. On the other end, lithium nitrate is costlier due to being in shorter supply, despite the
ability to reduce the freezing point of the salt mixture when used as a ternary element (Ladkany et
al. 2018a).

Table 2.6: Costs of Solar Salts (Kearney & Associates 2001)
¨T (°C)
200
200
200
200
200
150
100
3.96

Compound or Mixture
Hitec XL in 59% Water (42:15:43 Ca:Na:K by Weight)
Hitec (7:53:40 NaNO3:KNO3:NaNO2 by Weight)
Solar Salt (60:40 Na:K Nitrate by Weight)
Calcium Nitrate Mixture Dewatered
(42:15:43 Ca:Na:K Mixture by Weight)
Therminol VP-1 (Diphenyl Biphenyl Oxide)

Cost of Salts ($/kg)
1.43
3.49 (w/o H2O)
0.93
0.49
1.19
1.19
1.19
100.00

Cost of Power
($/kWH)
18.20
18.20
10.70
5.80
15.20
20.10
30.00
57.50

Various cost considerations for Solar Salt as well as various substitutes that are
commercially available are presented in Table 2.6 (Kearney & Associates 2001). In terms of
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production costs as well as purchase costs, Solar Salt is cheaper than the alternatives. The cost to
purchase Solar Salt is 49 cents per kilogram, while its production costs are $5.80 per kilowatt-hour
of power generated. The closest alternative is the Hitec salt, with a purchase cost of 93 cents per
kilorgram and a cost of power of $10.70 per kilowatt-hour. Lastly, the most expensive compound
is Therminol VP-1, which costs $100 per kilogram to buy and $57.50 per kilowatt-hour to produce
power (Kearney & Associates 2001).
For a standard CSP plant, additional equipment would need to be added for use without
MS storage if it were to produce the same amount of energy that would be produced through MS
storage. One approach would involve adding a second power block like a steam generator, but
this would double the costs associated with the power blocks. If the size of the power block was
doubled instead, the 0.7 power law used to estimate scaling costs for turbines and generators results
in a 65% increase in costs. Lastly, MS storage could be used to store the additional thermal energy
derived from the excess solar energy by using it only when the power block is not in full use. As
such, molten salt storage is the preferred method based on the Levelized Cost of Energy (LCOE).
The use of MS-ESS also improves the economics of the plant operation beyond the cost of
equipment. Maintaining a full power block through MS storage allows for smoother, simplified,
and efficient plant operations. During solar transients, this can result in having more efficient
receivers compared to a traditional water and steam receiver, since the latter would have to go
offline during cloudy weather, and then require time to return to full operations. During high
demand hours where there is no sun available, the value of the power generated by MS storage is
significantly increased. This is more valuable than the power that is delivered by solar power
during periods of low demand, such as morning time. As such, the value derived from the
increased power block utilization as well as the increased value of the power itself further improves
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the LCOE of molten salt storage, making it even more valuable economically (Kelly and Kearney
2006). However, using certain salts such as nitrites and calcium nitrates can result in higher costs
for storage and result in lower efficiencies for the power blocks due to their lower upper limit
temperatures because of salt instability (Ladkany et al. 2018a).

2.6.4

Molten Salt Corrosion and Purity Considerations
Since molten salts are known for being corrosive, those properties must be considered, and

as such, Table 2.7 details the corrosion rate from various molten salts in contact with various
stainless steels.

Table 2.7: Corrosion Properties of Stainless Steel Using Molten Salts (Bradshaw and Goods 2001, Sohal et al.
2010, Raade et al. 2013a)
Corrosion Rate (mm/y)
Compound or Mixture
Temperature (°C)
SS304
SS316
Solar Salt (60:40 Na:K Nitrate by Weight)
580
-----0.05
Sodium Chloride – NaCl
845
7.2
7.2
Hitec Salt (7:53:40 NaNO3:KNO3:NaNO2 by Weight)
538
0.21
<0.03
430
-----0.007
505
-----0.008
550
-----0.074

The SS316 stainless steel will corrode at a rate of 0.05 millimeters per year when in contact
with the Solar Salt at 580°C (Bradshaw and Goods 2001). Exposure to sodium chloride at 845°C
will corrode both the SS304 and SS316 stainless steels at a rate of 7.2 millimeters per year (Sohal
et al. 2010). However, sodium chloride should not be used because not only is it highly corrosive,
decomposition can be dangerous. As for exposure to Hitec Salt, SS304 stainless steel corrodes at
a rate of 0.21 millimeters per year at 538°C while SS316 stainless steel corrodes at a rate less than
0.03 millimeters per year at 538°C, 0.007 millimeters per year at 430°C, 0.008 millimeters per
year at 505°C, and 0.074 millimeters per year at 550°C (Sohal et al. 2010). Exposure to SaltStream
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700 at 300°C results in a 0.04% mass reduction for SS316 stainless steel in three hours (Raade et
al. 2013a).
While being strong oxidizers, nitrate salts can be easily contained with conventional
materials. Inexpensive carbon steels can be used for cold tanks, piping for cold salts, and even
warm tanks for use in temperatures up to 400°C. Once temperatures exceed 400°C, corrosion
layers will use either 300-series stainless steels or high nickel alloys due to their low corrosion
rates when exposed to hot salt. Typically, 300-series stainless steels have been used to fabricate
hot tanks for use with power tower stations (Ladkany et al. 2018b).

Table 2.8: Solar Two Salt As-Received Impurity Levels (Kelly 2000)
Impurity
Concentration [%]
Magnesium
0.045
Chloride
0.36
Perchlorate
0.26
Carbonate
0.00234
Hydroxide
0.00
Sulfate
0.12
Nitrite
0.00
Chromium
0.00

As mentioned earlier, industrial grade nitrates can be mined and purified as well as
produced synthetically, which is common for KNO3. Specifications for salt purity are determined
by the allowable levels of contaminants, with special importance paid to chloride and Mg(NO3)2
contamination. Excessive chloride can increase corrosion while Mg(NO3)2 starts decomposing
when initially heated, releasing toxic NO2 into the environment. Table 2.8 details the impurity
levels for the salt upon receipt for Solar Two while Figure 2.1 details the salt specifications for
Solar Two (Kelly 2000). Except for the presence of magnesium, the salt met specification.
Because of the magnesium, the initial heat-up of the salt produced NO2, but once the salt was
heated, the remaining Mg(NO3)2 converted to MgO and precipitated out. As such, the NO2
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evolution stopped and there were no further issues. Table 2.9 details the typical specifications for
impurities in Solar Salt, which must contain at least 98% Solar Salt. The magnesium content is
lower than in Table 2.8 due to the events at Solar Two (Ladkany et al. 2018b).

•

3.37 million pounds of nitrate salt prills with a nominal composition, by weight, of 60 percent NaNO3
and 40 percent KNO3, which was delivered in 2,200 lb (1,000 kg) bags. The minimum acceptable
nitrate salt concentration was 98 percent by weight.


•

Maximum chloride ion concentration, from all sources, is 0.6 percent by weight.

•

Maximum contamination, by weight, from other, non-chloride sources, as follows:
o
o
o
o

•

Nitrite – 1.00 percent
Carbonate – 0.10 percent
Sulfate – 0.75 percent
Hydroxyl alkalinity – 0.20 percent

Notification to the buyer if the concentration of any unnamed species exceeded 0.10 percent by
weight.
Figure 2.1: Molten Salt Specifications (Kelly 2000)

Table 2.9: Typical Solar Salt Specification by Weight (Raade et al. 2013b)
Impurity
Maximum allowable [%]
Total Chloride
0.60%
Perchlorate
0.25%
Magnesium
0.005%
Nitrite
1.00%
Sulfate
0.75%
Carbonate
0.10%
Hydroxyl
0.20%
Any other impurities
<0.04%

As mentioned earlier, compatibility with carbon and stainless steels at typical operating
temperatures for nitrites and nitrates means there are no issues with their use as salts. On the other
end, chlorides along with other higher temperature salts have to be tested and evaluated thoroughly
to properly assess compatibility (Raade et al. 2013b). The use of ceramics for containment can
present challenges for use because of brittleness and the inability to use simple approaches for
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connections, such as welding for various metals. The use of refractory and other high temperature
concretes for isolation and insulation between an outer structural layer and inner corrosion stainless
steel layer is being considered by the authors (Ladkany et al. 2018b).
One last consideration that must be addressed is stress corrosion cracking. Instead of a
hybrid stainless steel and carbon steel shell wall, the issue of corrosion cracking of ferric alloys in
hot reactor waters and in molten salts was the main element in choosing an all stainless steel shell
wall for the MS storage shell in both the truncated spherical and drop shell designs that are
presented in this research (Atmani and Rameau 1984, Congleton et al. 1985, and Was et al. 2007).

2.7

LITERATURE

REVIEW

ON

MOLTEN

SALT

STORAGE

TANK

PERFORMANCE
This section focuses the performance of energy production associated with molten salt
energy storage systems (MS-ESS), the salts used to accomplish that goal, and the efforts to increase
the working temperatures of these systems in order to use more efficient turbines. Other than the
SaltStream700 (SS700), which can operate at 700ºC, the molten salts discussed in this section are
focused on thermal oils and nitrate salts that operate at an upper limit of 565ºC or less. Likewise,
this section focuses mainly on the systems that operate at 565ºC, but also discusses the research
that is being done to make use of salts at higher temperatures. Unfortunately, there is not any
significant literature that details the structural performance of molten salt temperatures at these
temperatures. As mentioned earlier, Gabrielli and Zamparelli (2009) performed a finite element
analysis (FEA) to verify the design of their optimal tank design and prove that their design is
satisfactory, but only briefly discussed said results.
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2.7.1

Performance of Conventional Molten Salt Storage Tanks at 565°C
For large scale hot-cold molten salt storage configurations, they have operated with a 99%

average annual thermal efficiency. This is due to the fact that the upper limit temperatures
correlate well with the steam temperatures needed to operate modern steam turbines. Because of
this, the relatively small thermal losses that do occur are from the tanks, piping, and pumps
(Ladkany et al. 2018c).
As for the thermal losses themselves in the storage tanks, losses for contact with the ground
can be the biggest contributor, although the storage tank shape could alter the resulting heat losses.
A pure spherical tank would allow for less ground contact than a cylindrical tank, resulting in less
heat loss. Wind losses could also have an effect on heat losses as well; further research into the
matter could aid in the development of a tank shape that can reduce the effects of wind chill as
well as limit ground heat losses (Ladkany et al. 2016 and Loyd 2016).

2.7.2

Potential Use of the Brayton Cycle in Thermal Solar Energy Production Using

Supercritical CO2 at Elevated Temperatures of 700C
Since power cycle efficiency improves with higher temperature use, efforts have been
underway to develop higher temperature systems. It is important to know the upper limit salt
temperature for salt stability so it can be matched to the appropriate upper limit temperature of the
power cycle that is used. The upper limit bulk temperature of 565ºC for Solar Salt, which is based
on the salt stability in air, matches well with most reheat steam turbines. Only the most state of
the art turbines, which operate at 585ºC, would be better suited for salts operating in the 600-620ºC
temperature range. The use of nitrites as well as calcium nitrate ternaries are not enough to make
use of the 585ºC turbines, but good enough for turbines used in troughs (Ladkany et al 2018c).

38

As such, the 565°C temperature is currently the maximum temperature limit for use in MS
energy storage. This is the basis for all designs presented, except for the 700°C Cylindrical MS
Storage Tank, which uses a chloride based salt called SaltStream700 that is stable at 700°C. Based
on Raade et al. (2013a), the decomposition temperature of SaltStream700 is 747°C in air and
751°C in nitrogen. Other chlorides also decompose between 700°C and 800°C, which would limit
any design using chlorides to 700°C.
While power towers typically operate with a temperature limit of 565ºC, it is occasionally
allowable for peak, short-term salt film temperatures of up to 600ºC in the receiver since there are
not any negative effects. With higher temperatures, long term use can result in long term salt
decomposition and increased corrosion in the tank. Nitrates will reversibly decompose into
nitrites, but with enough time, the nitrites will irreversibly decompose into corrosive oxides.
Research by Kruizenga et al. (2014) did testing on the use of salts at bulk temperatures of 600ºC,
as well as higher temperatures at 670ºC, with the intention that they could be used in 585ºC
turbines. Unfortunately, testing determined that the corrosion rates were ten times higher than at
565ºC. However, if oxygen is used in the tank ullage or bubbled through the salt properly, this
can reduce the decomposition of nitrates into nitrites and allow for slight increases in temperatures
over 600ºC (Bradshaw and Goods 2003).
As mentioned earlier, it is difficult to overcome the limitations from the materials used in
MS storage when exposed to the higher temperatures. Ceramics cannot be used in solar receivers
because of their brittleness as well as their inability to be joined to other materials, despite being
able to provide thermal insulation at higher temperatures. The most promising alloys, such as
Haynes alloys and Inconels, are already at their strength limits due to the high thermal stresses and
corrosion effects. Having said that, Inconel 718 does show some promise, with a yield strength of
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120 ksi at 1200°F (Special Metals 2007). Using higher temperatures can cause higher convective
and radiative thermal losses, which can diminish the gains from using a more efficient cycle. The
radiative losses can be reduced through the use of higher solar concentration ratios in combination
with volumetric air receivers and/or thermally selective coatings, such as the use of sintered metals
(cermets) and ceramics (Ladkany et al 2018c).
There are also limitations with the use of various storage and working fluids. Steam, air,
as well as other molten salts, have been considered for use as working fluids. As for salts,
carbonates (600-900ºC) are extremely corrosive, while thermal oils (<400ºC) and nitrate salts
(<600ºC) decompose. While largely unproven, molten glasses (<1200ºC) and chloride salts
(<700ºC) are being considered. There have been successful demonstrations using concrete, rocks,
and ceramics at temperatures of up to 1000ºC for energy storage with air serving as the working
fluid, but system issues as well as the need for air receivers have hindered efforts at
commercialization (Ladkany et al 2018c).
Fortunately, using the two 700-series chloride-based salts, which are stable at 700ºC,
means a Brayton cycle could be employed (Ladkany et al 2018c). Research is being performed
into the use of supercritical CO2 as an operating fluid for a steam Rankine cycle in an effort to
significantly improve the thermal-to-electric energy conversion efficiency in the cycle. Various
laboratories are performing research into the matter, the Korean Advanced Institute of Science and
Technology, the Korean Atomic Energy Research Institute, and Sandia National Laboratory.
Research is also exploring the use of this technology for solar thermal energy production.
Supercritical CO2 can reduce the pumping power in energy production when it is in its fluid state
and above both its critical pressure and temperature, and this can improve the thermal-to-electric
energy conversion efficiency while also being less corrosive (Ahn et al. 2015).
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The range of the compressibility factor (ܼ) for the supercritical CO2 near its critical point
is shown in Figure 2.2, with the blue curves representing the range for ܼ and the black line
representing the critical temperature of 32.5°C. At this temperature, the critical pressure ranges
from 7.3 to 7.5 MPa. Equation 2.1 also details how ܼ is calculated (Ahn et al. 2015).
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Figure 2.2: Compressibility Factor Envelopes for CO2 Near The Critical Point (Ahn et al. 2015)
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In Equation 2.1, ܲ is the pressure of the fluid,  ܯis the mass of the fluid, ߩ is the density
of the fluid, R is the gas constant, and ܶ is the temperature of the fluid. The possible range for ܼ
is between 0, which means the fluid is incompressible, and 1, which means the fluid is almost an
ideal gas. For Supercritical CO2 near its critical point, ܼ is between 0.2 and 0.5 (Ahn et al. 2015).
Based on Figure 2.3, Rankine and indirect Brayton cycles have a similar efficiency of at
450C, which is 40%. However, at this temperature, the efficiency of these two cycles diverge.
Ultimately at 700C, a Rankine cycle will operate at 45% efficiency while an indirect Brayton
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cycle will operate at 52% efficiency (Ahn et al. 2015). This means that at 700C, an indirect
Brayton cycle is 16% more efficient than a Rankine cycle.
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Figure 2.3: Efficiency of Rankine Cycle vs Indirect Brayton Cycle (Ahn et al. 2015)

As for the practical benefits of Supercritical CO2 cycles, the turbo machinery used in SCO2
is one-fourth the size of the turbo machinery used in a steam Rankine cycle. In addition, Printed
Circuit Heat Exchangers (PCHE), which are used in SCO2 cycles, are one-tenth the size of
traditional Shell and Tube Heat Exchangers (STHE) (Ahn et al. 2015).

2.8

CONCLUSIONS
Given the above considerations, it has been established that molten salt usage in both

nuclear and solar power applications is efficient due to the high heat capacities of various molten
salts. We also know such applications are safe due to the fact that molten salts cannot further melt
down and that should a leak occur, these salts will freeze quickly, which makes them selfcontaining. As a result, molten salt power plants, both nuclear and solar, are on the rise worldwide,
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but not so much yet in the United States. Current solar power applications of molten salt usage
have been limited to using molten salts at a maximum temperature of 600°C due to decomposition.
However, recent developments have produced a salt can be used at 700°C, allowing for more heat
storage and the ability to produce more power. In addition, operating at higher temperatures allow
for the use of more efficient turbine cycles, such as the Brayton cycle.
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CHAPTER 3
HIGH TEMPERATURE STRUCTURAL ANALYSIS
AND DESIGN OF 565°C AND 700°C MS STORAGE
SHELLS
3.1

INTRODUCTION

3.1.1

General Design Process for MS Storage Shells
This chapter presents the structural design and analysis of various MS storage shells,

including cylindrical shells for use at 565°C and 700°C, as well for a drop shell and truncated
spherical shell for use at 565°C. Performing a structural design for a molten salt hot tank must
consider many elements to provide an adequate design. The temperature of the molten salt is a
particularly important consideration for the structural steel design, which carbon steel for the
cylindrical shells and stainless steels for the others. At 565°C, steel has a yield strength that is
60% of its nominal yield strength, while at 700°C, steel is 33% of its nominal yield strength. In
addition, at 565°C, steel has a Young’s Modulus that is 65% of its nominal Young’s Modulus,
while at 700°C, steel is 50% of its nominal Young’s Modulus (Salmon 2009). Also, these
temperatures are high enough to introduce thermal stresses to the structural steel; however, these
affects can be offset by allowing free expansion of the structure. In the cylindrical tanks, sand
layers below each layer of steel as well as small gaps behind the side carbon steel shells allow for
complete free thermal expansion. For each system, two hot tanks will be required to meet the
required energy needs as specified in the design. In Chapter 5, an axisymmetric finite element
analysis using the newly designed 700°C Cylindrical MS Storage Shell is performed with
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COMSOL to verify that with the additional firebrick the thermal stresses are kept to a minimum.
In addition, there are important nonstructural considerations, particularly heat transfer effects,
which also must be considered into the final shell design, which are discussed in Chapter 4.
It was expected that the 565°C Spherical and Drop Shell MS Storage Shells would provide
more efficient designs compared to the 565°C MS Cylindrical MS Storage Shell because of the
expected reduction in shell forces with the Spherical and Drop Shell Shells. However, both
Cylindrical MS Storage Shells use thinner carbon steel structural shell walls than the Spherical
and Drop Shell Shells because the Cylindrical Shells are better equipped at handling the effects of
bending and thermal expansion. Both Cylindrical Shells are able to allow for completely free
thermal expansion despite stainless steel having a higher thermal expansion rate because the
cylindrical geometry allows for the insertion of a small gap in the side shell wall for the extra
expansion of the stainless steel corrosion layer. Due to thermal effects and geometric constraints,
both the 565°C Spherical and Drop Shell MS Storage Shells must use stainless steel for both
structural support and corrosion protection.

3.1.2

Corrosion Design Considerations
An important design consideration for MS storage shells is corrosion protection. Typically,

stainless steel is used at these high temperatures (565°C and 700°C) because other alloys like
Inconels exceed their structural capabilities at these high temperatures, although Inconel 718 does
show some promise, with a yield strength of 120 ksi at 1200°F (Ladkany et al. 2018c and Special
Metals 2007). However, a lack of data on corrosion resistance to molten salts for Inconel 718
currently precludes its use for design purposes. When using Solar Salt at 565°C, the thickness for
the stainless steel that is needed is 0.06 inch (1.52 mm) for a 30-year plant life span to 0.10 inch
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(2.54 mm) for a 50-year plant life span, based on the Solar Salt corrosion rate of 0.05 millimeters
per year (Bradshaw and Goods 2001). However, an important consideration for designing the
corrosion layer is that it is able to support its own weight against buckling, especially since the
565°C Cylindrical MS Storage Shell will have a gap between the carbon and stainless steels before
the tank is filled with molten salt.

Also, there is limited corrosion data available for the

SaltStream700 (SS700) for use at 700°C in the 700°C Cylindrical MS Storage Shell. As such,
0.25 inches (6.35 mm) will be used as the design thickness of stainless steel as a factor of safety.

3.1.3

Requirements for the Prestressed Concrete Foundations
Our extensive thermal analysis shown in Chapters 4 and 5 indicated that the 50 inch (1.270

meter) thick prestressed concrete foundation will experience temperatures much higher than had
been anticipated than in previous research. The intended insulation design wanted the maximum
temperature of the slab to be 90°C. However, the FEM analysis revealed that the slab will be
approximately 500°C. Therefore, we are recommending the use of a refractive concrete mixture
that can handle temperatures above 400°C (Chan et al. 1996 and 2000, Liang et al. 2018). Such
research into such concrete is already being conducted by a member of our research team.

3.2

REFINED DESIGN OF THE 565˚C CYLINDRICAL MS STORAGE SHELL

3.2.1

Bending Design of the Refined 565˚C Cylindrical MS Storage Shell
The refined design of the 565°C Steel MS Cylindrical Shell is a slight improvement of the

steel 565°C Steel MS Cylindrical Shell preliminary design presented in research performed by
Nathan Loyd (2016), since this design now includes thermal stress analysis into the design as a
result of performing a full heat transfer analysis to determine the heat losses. As with the previous
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design, the A588 Carbon Steel serves as an outer structural layer and a 0.25 inch (6.35 mm) thick
316 Stainless Steel inner layer serves to protect against corrosion. The refined design will still
have a height of salt of 42 feet (12.802 meters) for salt heated to 565°C that was used in the
previous design. The full design calculations are presented in Appendix A, while the full design
drawings are provided in Appendix Q.
The design of a steel shell shell was performed. In performing the structural design for the
cylindrical shell, the shell is divided into four different elements. The four elements for the shell
design are the shell wall, an elliptical shell roof using carbon steel, a steel bottom, and the concrete
slab underneath a layer of sand. The prestressed concrete slab that was presented in Solar Energy
Storage in Molten Salt Shell Structures (2016) for the previous 565°C Steel MS Cylindrical Shell
design will be used for the refined 565°C Steel MS Cylindrical Shell design. This design uses a
prestressed concrete slab that is 50 inches thick (1.27 meters) and has a radius of 60 feet (18.288
meters). In addition, the full design of the elliptical roof is presented in Section 3.4.
In designing the steel shell, the first step is to design the steel shell wall. Under shell theory,
axial bending in a cylindrical shell occurs mainly at the base of the shell wall where the base and
the shell wall intersect, before bending dissipates further up the wall (Urugal 2009). An analysis
using shell theory determined that axial bending dissipates 10 feet (3.048 meters) above ground in
the steel shell wall. The first step was to determine the bending in the shell wall as shown in Figure
3.1. For the steel wall, the maximum positive axial bending moment is 2.776 kip-foot/foot (12.13
kN-m/m) at the bottom of the shell, and the maximum negative bending moment is 604.4 poundfoot/foot (2.688 kN-m/m) at a height 2.9 feet (883 mm) above shell bottom. Circumferential
moments are equal to the Poisson ratio multiplied by the axial moments. For the steel shell wall,
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the maximum circumferential force occurs at the bottom of the shell wall. In the steel wall, the
maximum circumferential force is 182.6 kips per linear foot (klf), which is 2,666 kN/m.

Figure 3.1: Steel Cylindrical Shell Wall  Bending Moment of the 565°C Steel MS Cylindrical Shell

Figure 3.2: Steel Cylindrical Shell Wall ࣂ Forces of the 565°C Steel MS Cylindrical Shell
The red curve is based on Bending Theory while the blue curve is based on Shell Theory
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Figure 3.3: Stresses at the Bottom of the Steel Shell Wall of the 565°C Steel MS Cylindrical Shell
The red curve is the Circumferential Stress and the blue curve is the Axial Stress

Tensile membrane force is determined by Equation 3.7 and shown in Figure 3.2 for the
steel shell wall. The circumferential and axial stresses in the steel wall are shown in Figure 3.3.
The maximum axial compressive force, ܰ௫ , in the wall at the bottom of the shell is equal to the
total dead weight of the shell, top slab, and service dome, plus the total live load, which is the total
weight (ܹ), divided by the circumference of the shell. The critical buckling stress, ߪ , is used to
check the buckling design for compressive elements. The bending designs for the cylindrical shells
were determined with Equations 3.1 through 11 (Timoshenko 1959 and Urugal 2009):
 ൌ ߛݖ

(3.1)
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In determining the applied pressure on the shell from Equation 3.1, it is the product of the
salt unit weight (ߛ) and the depth of salt ( )ݖat the specified point. In Equation 3.2,  is the applied
pressure on the wall and r is the radius of the wall. In Equations 3.3 through 11, ܦ, ߚ, ܥଵ , and ܥଶ
are coefficients,  ܧis the Young’s Modulus of the shell material,  ݐis thickness of the shell wall, ߥ
is the Poisson’s ratio of the shell material, ݄ is the total height of molten salt,  ݓis shell wall
deflection at a height of  ݔabove ground, and the second derivative of  ݓis used to determine the
moment at that point. ܯ௫ is the axial moment at a height of  ݔabove ground, ܹ௫ is the weight of
the shell including dead and live loads on its top at level above (ݔTimoshenko 1959 and Urugal
2009).
Figure 3.4 presents a steel cylindrical shell design with an alternative roof shell that allows
for the removal of supportive steel columns and flat roof presented in the previous design. The
roof has a thickness of one inch (25.4 mm) and a height of 4 feet (1.219 meters). The thickness of
the steel shell wall is varied to accommodate the loading. At the bottom of the shell, where there
are combined bending and axial forces, the bottom 10 feet (3.28 meters) of the shell requires a
structural steel thickness of 13/16 inches (20.6 mm). Based on this, one inch (25.4 mm) of carbon
steel is used as the final thickness, which is a slight reduction from the previous design of 1.5
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inches (38.1 mm), which used a more conservative approach (Loyd 2016). The bottom carbon
steel plate at the shell bottom will use the same one inch (25.4 mm) thickness as the side carbon
steel shell wall and is connected to the side wall with the connection of an L6x6x1” angle section.

Figure 3.4: Steel Cylindrical Shell Model Design Including Alternative Elliptical Top Dome, Sand Layer, 50”
Posttension Slab, and Safety Steel Walls at the Edge and Excluding the Outer Layer of Insulation of the
565°C Steel MS Cylindrical Shell

Like the previous design in Loyd (2016), the section of the refined shell wall that is between
10 and 15 feet (2.734 and 4.572 meters) above the ground requires a structural steel thickness of
0.625 inches (15.9 mm). The section of the shell wall that is between 15 and 22 feet (4.572 and
6.706 meters) above the ground requires a structural steel thickness of 0.5 inches (12.7 mm). The
section of the shell wall that is between 22 and 29 feet (6.706 and 8.839 meters) above the ground
requires a structural steel thickness of 0.375 inches (9.5 mm). The section of the shell wall that is
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between 29 and 36 feet (8.839 and 10.973 meters) above the ground requires a structural steel
thickness of 0.25 inches (6.4 mm). All sections of the shell wall above 36 feet (10.973 meters)
will require a structural steel thickness of 0.125 inches (3.2 mm). Lastly, in order to combat
corrosion effects, a 316 Stainless Steel liner with a thickness of 0.25 inch (6.35 mm) will line the
inside of the shell wall.

3.2.2

Thermal Structural Effects of the 565˚C Cylindrical MS Storage Shell
One consideration that been included for this design is the effects of thermal expansion.

The previous preliminary design already allowed for the thermal expansion of the carbon steel by
sitting on a sand layer. However, since the inner stainless steel layer has a larger rate of thermal
expansion (12.5×10-6 for Carbon Steel and 16×10-6 for Stainless Steel), that means there will be
thermal stresses in the carbon steel, or there must be a gap between the stainless steel and carbon
steel side layers (Coefficients of Linear Thermal Expansion). Also, since the stainless steel has a
greater thermal expansion rate (ߙ) than the carbon steel, the bottom stainless steel layer will also
sit upon a layer of sand, which will be two inches (50.8 mm) thick. Equation 3.12 details the
thermal strain of free thermal expansion (ߝ ௧ ). Equation 3.13 determines the resulting free thermal
expansion deflection (ο௧ ሻ. Equation 3.14 represents the thermal stress (ߪ௧ ) that occurs when a
given thermal expansion (ߝ ௧ ) is constrained.
ߝ ௧ ൌ ߙ  כοܶ

(3.12)

ο௧ ൌ ߝ ௧ ܮ כ

(3.13)

ߪ௧ ൌ ߝ ௧ ܧ כ

(3.14)

Based on these equations,  ܧis the Young’s Modulus of the material,  ܮis the characteristic
length of the material expanding, and οܶ is the temperature difference between the construction
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temperature, which is assumed to be 20°C, and the heated temperature. Using the difference in
expansion rates between the two steels leads to an expected thermal stress of 55.3 kips per square
inch (ksi) in the stainless steel at 565°C, which exceeds the allowable stress of 21.6 ksi at 565°C.
This means that a gap must be allowed between the side carbon steel and side stainless steel layers
to allow for free expansion of the stainless steel. Using a radius of 40 feet (12.192 meters) as the
characteristic length and 565°C as the heated temperature, the resulting free expansion deflection
of the stainless steel is 4.186 inches (106 mm). In order to accommodate this, it was determined
that a one inch (25.4 mm) gap between the carbon steel and stainless steel would result in the two
layers converging once heated. Since the bottom layer of firebrick has a smaller thermal expansion
rate (6×10-6) than the carbon steel that it is grouted to, it is expected to develop microcracking
(Coefficients of Linear Thermal Expansion). At an expected maximum temperature of 533°C for
the bottom firebrick layer, it is expected that the maximum strain of these thermal cracks will be
3.33×10-3. For a nine inch (229 mm) brick, this would equate to microcracks of 0.03 inches (0.76
mm) between each brick. Lastly, because the stainless steel expands more than the carbon steel,
it was determined that the height of the side stainless steel layer be reduced by at least 0.784 inches
(20 mm) to ensure that the stainless steel does not expand above the carbon steel layer.
Based on these effects, it is recommended that a 565°C Steel MS Cylindrical Shell be filled
slowly so that the bottom heats first, resulting in the gap being eliminated before the rest of the
solar salt is inserted into the shell.
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3.3

FULL DESIGN OF THE 700˚C CYLINDRICAL MS STORAGE SHELL

3.3.1

Bending Design of the 700˚C Cylindrical MS Storage Shell
The design of the 700°C Steel MS Cylindrical Shell will be performed in the same manner

as the 565°C Steel MS Cylindrical Shell. However, there will be a layer of insulating firebrick
that is in between the A588 Carbon Steel structural layer and the 316 Stainless Steel inner corrosion
layer. As with the 565°C Steel MS Cylindrical Shell, the stainless steel will have a thickness of
0.25 inches (6.35 mm) for corrosion resistance. The thickness of the insulating firebrick is
determined through a heat transfer analysis, which is performed in Chapter 4. The 700°C Steel
MS Cylindrical Shell will still have a height of salt of 42 feet (12.802 meters) that was used in
previous 565°C designs. However, the molten salt used at 700°C will have a unit weight of 126.7
pounds per cubic foot (pcf) compared to the unit weight of Solar Salt, which is 118.6 pcf at 565°C.
In addition, the prestressing slab that is used for the 565°C Steel MS Cylindrical Shell designs is
satisfactory for the 700°C Steel MS Cylindrical Shell design as well. That design uses a
prestressed concrete slab that is 50 inches thick (1.27 meters) and has a radius of 60 feet (18.288
meters). Lastly, the elliptical roof design is presented in Section 3.4. The full design calculations
are presented in Appendix B, while the full design drawings are provided in Appendix R.
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Figure 3.5: Steel Cylindrical Shell Wall  Bending Moment of the 700°C Steel MS Cylindrical Shell

Figure 3.6: Steel Cylindrical Shell Wall ࣂ Forces of the 700°C Steel MS Cylindrical Shell
The red curve is based on Bending Theory while the blue curve is based on Shell Theory
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Figure 3.7: Stresses at the Bottom of the Steel Shell Wall of the 700°C Steel MS Cylindrical Shell
The red curve is the Circumferential Stress and the blue curve is the Axial Stress

In designing the steel shell wall, Equations 3.1 through 11 were used in the same manner
as the 565°C Steel MS Cylindrical Shell. An analysis using shell theory determined that axial
bending dissipates 10 feet (3.048 meters) above ground in the steel shell wall. The first step was
to determine the bending in the steel shell wall as shown in Figure 3.5. For the steel wall, the
maximum positive axial bending moment is 2.962 kip-foot/foot (13.18 kN-m/m) at the bottom of
the shell, and the maximum negative bending moment is 644.7 pound-foot/foot (2.868 kN-m/m)
at a height 2.89 feet (882 mm) above the bottom of the shell. Circumferential moments are equal
to the Poisson ratio multiplied by the axial moments. For the steel shell wall, the maximum
circumferential force occurs at the bottom of the shell wall. In the steel wall, the maximum
circumferential force is 194.5 kips per linear foot (klf), which is 2,838 kN/m. As with the 565°C
Steel MS Cylindrical Shell, tensile membrane force is determined by Equation 3.7. The result is
shown in Figure 3.6 for the steel shell wall of the 700°C Steel MS Cylindrical Shell. The
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circumferential and axial stresses in the steel wall of the 700°C Steel MS Cylindrical Shell are
shown in Figure 3.7 (Timoshenko 1959 and Urugal 2009).
Figure 3.8 presents a steel cylindrical shell design for the 700°C Steel MS Cylindrical Shell
with an elliptical roof shell. The roof has a thickness of one inch (25.4 mm) and a height of 4 feet
(1.219 meters). The thickness of the steel shell wall is varied to accommodate the loading. At the
bottom of the shell, where there are combined bending and axial forces, the bottom 11 feet (3.353
meters) of the shell requires a structural steel thickness of 7/8 inches (22.2 mm). Based on this,
one inch (25.4 mm) of carbon steel is used as the final thickness. The bottom carbon steel plate at
the shell bottom will use the same one inch (25.4 mm) thickness as the side carbon steel shell wall
and is connected to the side wall with the connection of an L6x6x1” angle section.

Figure 3.8: 700°C Steel MS Cylindrical Model Design Including Alternative Elliptical Top Dome, Sand
Layer, 50” Posttension Slab, and Safety Steel Walls at the Edge
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The section of the shell wall that is between 11 and 17 feet (3.353 and 5.182 meters) above
the ground requires a structural steel thickness of 0.625 inches (15.9 mm). The section of the shell
wall that is between 17 and 23 feet (5.182 and 7.010 meters) above the ground requires a structural
steel thickness of 0.5 inches (12.7 mm). The section of the shell wall that is between 23 and 30
feet (7.010 and 9.144 meters) above the ground requires a structural steel thickness of 0.375 inches
(9.5 mm). The section of the shell wall that is between 30 and 36 feet (9.144 and 10.973 meters)
above the ground requires a structural steel thickness of 0.25 inches (6.4 mm). All sections of the
shell wall above 36 feet (10.973 meters) will require a structural steel thickness of 0.125 inches
(3.2 mm). Lastly, in order to combat corrosion effects, a 316 Stainless Steel liner with a thickness
of 0.25 inch (6.35 mm) will line the inside of the shell wall.

3.3.2

Thermal Structural Effects of the 700˚C Cylindrical MS Storage Shell
Using Equations 3.12 through 3.14, the effects of thermal expansion were determined for

the 700°C Cylindrical MS Shell. As with the 565°C design, the construction temperature is
assumed to be 20°C. Like with the 565°C design, there is a three foot (914 mm) sand layer below
the bottom carbon steel layer and a two inch (50.8 mm) sand layer below the bottom stainless steel
layer to allow for free thermal expansion. However, since the inner stainless steel layer has a
larger rate of thermal expansion (12.5×10-6 for Carbon Steel and 16×10-6 for Stainless Steel), that
means there will be thermal stresses in the carbon steel, or there must be a gap between the stainless
steel and carbon steel side layers (Coefficients of Linear Thermal Expansion).
Using the difference in expansion rates between the two steels leads to an expected thermal
stress of 69.0 kips per square inch (ksi) in the stainless steel at 700°C, which exceeds the allowable
stress of 11.9 ksi at 700°C. This means that a gap must be allowed between the side carbon steel
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and side stainless steel layers to allow for free expansion of the stainless steel. Using a radius of
40 feet (12.192 meters) as the characteristic length and 700°C as the heated temperature, the
resulting free expansion deflection of the stainless steel is 5.222 inches (133 mm). In order to
accommodate this, it was determined that a two inch (50.8 mm) gap between the carbon steel and
firebrick would result in all layers converging once heated. Since the bottom layer of firebrick has
a smaller thermal expansion rate (6×10-6) than the carbon steel that it is grouted to, it is expected
to develop microcracking (Coefficients of Linear Thermal Expansion). At an expected maximum
temperature of 668°C for the bottom firebrick layer, it is expected that the maximum strain of these
thermal cracks will be 4.21×10-3. For a nine inch (229 mm) brick, this would equate to microcracks
of 0.04 inches (1.0 mm) between each brick. Lastly, because the stainless steel expands more than
the carbon steel, it was determined that the height of the side stainless steel layer be reduced by at
least 1.812 inches (46.0 mm) to ensure that the stainless steel does not expand above the carbon
steel layer.
Based on these effects, it is recommended that an 700°C Steel MS Cylindrical Shell be
filled quickly so that the whole wall heats together, allowing the side stainless steel layer to push
the side firebrick layer into the side carbon steel layer all at once.

3.3.3

Additional Safety Design Considerations of the 700˚C Cylindrical MS Storage Shell
While the addition of brick insulation layers were for the protection of the carbon steel

shell, safety consideration would suggest that the thicknesses of the carbon steel that were
calculated in Chapter 3 be increased by 100% for the bending section steel and 50% for all nonbending steel. This is being recommended because the original design for the 700°C Cylindrical
MS Storage Shell was performed with the expectation that the carbon steel would be
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approximately 565°C, which is an insulation design limit for the carbon steel, while being able to
support all of the molten salt loading. However, should there be a failure in the stainless steel
corrosion layer, it is expected that there would be seepage in the insulating firebrick (Jonemann
2013). As such, this would indicate that in this scenario, the carbon steel wall would be exposed
to molten salt, and as such be closer to 700°C.

3.4

ROOF DESIGNS FOR CYLINDRICAL MS STORAGE SHELLS

Figure 3.9: Roof Shell Models for the 565°C Cylindrical MS Shell (Left) and the 700°C Cylindrical MS Shell
(Right). The 12’ high roofs are in Red, 8’ high roofs in Blue, and 4’ high roofs in Blue.
The X-Axes are the Distance from the Centerline while the Y-Axes are the Heights of the Roof Shells

A steel design was performed on the spherical, parabolic, and elliptical roof shells using
A529 Grade 42 steel for both the 565°C and 700°C Cylindrical MS Shells, with shell models
shown in Figure 3.9. For the 565°C shell, all shell types have a radius at the base of each shell of
40 feet and one inch (12.217 meters) for all heat flux conditions. For the 700°C shell, the radius
at the base may vary by a few inches due to the differences in firebrick insulation thickness. For
the primary 700°C design at a maximum heat flux of 250 W/m2, the resulting base radius for all
roof shells is 41 feet (12.497 meters). For each roof shell type, a design was performed for shells
with a height of 4 feet (1.219 meters), 8 feet (2.438 meters), and 12 feet (3.658 meters). Presented
in Tables 3.1 and 3.2 are the geometries of the various shells for the 565°C and 700°C Cylindrical
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MS Shells respectively. The sample of the full roof designs for the 565°C Shells are in Appendices
E, F, and G, showing the designs for Elliptical, Spherical, and Parabolic roofs respectively.

Table 3.1: Radius of Curvature of Shells with a 40’-1” Radius at the Base of the Shell (565°C Shell)
Parabolic Shells
Elliptical Shells
Type of Shell
Spherical Shells
Height of Shell (ft)
4’
8’
12’
4’
8’
12’
4’
8’
12’
202.8 104.4
72.9
200.8 100.4
66.9
401.7 200.8 133.9
Shell R0 at Apex of Shell (ft)
202.8 104.4
72.9
203.8 106.0
74.8
1.1
4.3
8.9
Shell r1 at an Angle of ࣘ /2 (ft)
202.8 104.4
72.9
201.8 102.3
69.5
56.4
55.6
54.3
Shell r2 at an Angle of ࣘ /2 (ft)
202.8 104.4
72.9
213.0 125.3 106.0
0.4
1.6
3.6
Shell r1 at Base of Shell (ft)
202.8 104.4
72.9
204.8 108.1
78.0
40.1
40.1
40.1
Shell r2 at Base of Shell (ft)
11.4
22.6
33.3
11.3
21.8
30.9
90.0
90.0
90.0
ࣘ Angle at Base of Curve (°)

Table 3.2: Radius of Curvature of Shells with a 41’ Radius at the Base of the Shell (700°C Shell)
Parabolic Shells
Elliptical Shells
Type of Shell
Spherical Shells
Height of Shell (ft)
4’
8’
12’
4’
8’
12’
4’
8’
12’
212.1 109.1
76.0
210.1 105.1
70.0
420.3 210.1 140.1
Shell R0 at Apex of Shell (ft)
212.1
109.1
76.0
213.1
110.7
77.9
1.1
4.2
8.8
Shell r1 at an Angle of ࣘ /2 (ft)
212.1 109.1
76.0
211.1 107.0
72.6
57.7
56.9
55.6
Shell r2 at an Angle of ࣘ /2 (ft)
212.1 109.1
76.0
222.2 130.0 109.0
0.4
1.6
3.5
Shell r1 at Base of Shell (ft)
212.1 109.1
76.0
214.1 112.8
81.2
41.0
41.0
41.0
Shell r2 at Base of Shell (ft)
11.1
22.1
32.6
11.0
21.4
30.3
90.0
90.0
90.0
ࣘ Angle at Base of Curve (°)

In shell design, there are typically two radii of curvature that are used in determining the
shell forces, ݎଵ which is the radial radius of curvature, and ݎଶ which is the circumferential radius
of curvature. At the apex of any shell, ݎଵ and ݎଶ are equal to each other and referred to as ܴ . In
addition, ݎଵ and ݎଶ are equal to each other at any given point in a spherical shell, meaning R0 exists
at every point in the shell. The phi (ࣘ) angle of the shell is the angular measure of the arc between
the axis of revolution and the edge of the shell. Equations 3.15, 3.16, and 3.17 details how ܴ is
calculated for a parabolic shell, elliptical shell, and spherical shell respectively (Urugal 2009).
మ

ܴ ൌ
ଶு
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(3.15)
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In Equations 3.15 through 3.17, ܽ represents the radius of revolution of the shell at the base
of the shell. In addition, H is the height of the shell above the base. Equations 3.18 and 3.19 details
how to calculate ݎଵ and ݎଶ for each shell, respectively (Novozhilov 1964).
ோ

ݎଵ ൌ ሺଵାఊ ୱ୧୬బమ భǤఱ
థሻ
ோ
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(3.18)
(3.19)

In Equation 3.18 and 3.19, ߶ is the angle from the axis of revolution on top of the shell to
any point of the shell and ߛ is the shape factor for the type of shell, which is 0 for a spherical shell
and -1 for a parabolic shell. Equation 3.20 is used to determine ߛ for elliptical shells (Novozhilov
1964).
ߛൌ

మ
ுమ
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(3.20)

These shells were designed using shell theory to determine the thickness of each shell using
various load combinations for wind and gravity loading. Shown in Equations 3.21 and 3.22 are
the shell forces due to gravity loads, dead and live in each shell. Equation 3.23 is the wind loading
on each shell, it represents compressive pressure loading on the shell surface facing the wind and
suction on the opposite face of the shell. Equations 3.24 through 3.26 are the shell forces due to
wind loading in each shell.
థ
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(3.21)
(3.22)
(3.23)
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In Equation 3.21, ܰథ is the shell force in the radial direction in each shell due to dead and
live gravity loading. In Equation 3.22, ܰఏ is the shell force in the circumferential direction in each
shell due to gravity loading. In Equation 3.23, ߠ is the angle around the shell in the circumferential
direction, with 0° representing where the maximum wind loading on the shell occurs. In addition,
௪ௗ is the wind loading at any given point on the shell while ௪ is the maximum wind pressure,
which in this design is 40 pounds per square foot and equivalent to a wind speed of 125 miles per
hour. In Equation 3.24, ܰథ is the shell force in the radial direction in each shell due to wind
loading. In Equation 3.25, ܰఏ is the shell force in the circumferential direction in each shell due to
wind loading. In Equation 3.26, ܰథఏ is the shell force due to shear in each shell due to wind
loading. In Equations 3.24 through 3.26,  ݎis the largest of ݎଵ and ݎଶ . For each shell, load
combinations specified in ASCE-7 are used to combine the forces in the shell ܰథ , ܰఏ , and ܰథఏ
due to wind with ܰథ , ܰఏ , due to dead and live loads for each shell. Shell force combinations, for
ܰథ , ܰఏ , and ܰథఏ are then divided by the usable portion of the yield strength of steel at MS
temperature to determine various thicknesses for the shell designs. Using A529 Grade 42 steel,
the typical yield stress is 42 kips per square inch (ksi). However, at 565°C, steel has a yield
strength that is only 60% of its original yield strength, which results in a yield strength of 25.2 ksi
for the steel (Salmon 2009). Shown in Tables 3.3 and 3.4 are the maximum thicknesses of each
shell with design including and excluding wind effects for the 565°C and 700°C Cylindrical MS
Shells respectively.
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Table 3.3: Shell Theory Required Thickness with a 40’-1” Radius at the Base of Shell (565°C Shell)
Parabolic Shells
Elliptical Shells
Type of Shell
Spherical Shells
Height of Shell (ft)
4’
8’
12’
4’
8’
12’
4’
8’
12’
0.012 0.006 0.004 0.012 0.006 0.004 0.357 0.058 0.023
Shell Thickness w/o Wind (in)
0.024 0.013 0.009 0.024 0.014 0.011 0.362 0.062 0.026
Shell Thickness with Wind (in)

Table 3.4: Shell Theory Required Thickness with a 41’ Radius at the Base of Shell (700°C Shell)
Parabolic Shells
Elliptical Shells
Type of Shell
Spherical Shells
Height of Shell (ft)
4’
8’
12’
4’
8’
12’
4’
8’
12’
0.012 0.006 0.004 0.013 0.006 0.004 0.399 0.063 0.025
Shell Thickness w/o Wind (in)
0.025 0.013 0.009 0.025 0.015 0.012 0.403 0.066 0.027
Shell Thickness with Wind (in)

Table 3.5: Buckling Controlled Design Thickness with a 40’-1” Radius at the Base of Shell (565°C Shell)
Parabolic Shells
Elliptical Shells
Type of Shell
Spherical Shells
Height of Shell (ft)
4’
8’
12’
4’
8’
12’
4’
8’
12’
0.32
0.14
0.10
0.33
0.17
0.13
0.79
0.31
0.19
Required Shell Thickness (in)
0.35
0.15
0.10
0.35
0.20
0.15
0.80
0.35
0.20
Minimum Shell Thickness (in)
0.0
0.0
0.0
11.3
21.8
30.9
0.0
0.0
0.0
Phi Angle of Max Buckling (°)
2
85.9
6.2
17.4
29.0
Ring Cross Sectional Area (in ) 246.8 118.9 106.9 233.2 124.5

Table 3.6: Buckling Controlled Design Thickness with a 41’ Radius at the Base of Shell (700°C Shell)
Parabolic Shells
Elliptical Shells
Type of Shell
Spherical Shells
Height of Shell (ft)
4’
8’
12’
4’
8’
12’
4’
8’
12’
0.33
0.16
0.11
0.35
0.17
0.13
0.84
0.33
0.21
Required Shell Thickness (in)
0.35
0.20
0.15
0.35
0.20
0.15
0.85
0.35
0.25
Minimum Shell Thickness (in)
0.0
0.0
0.0
11.0
21.4
30.3
0.0
0.0
0.0
Phi Angle of Max Buckling (°)
2
88.4
6.2
17.0
32.7
Ring Cross Sectional Area (in ) 252.2 159.8 154.9 238.9 127.8

The shell designs were checked for buckling and in every shell design, buckling ultimately
controlled the shell thickness. Shown in Tables 3.5 and 3.6 are the required shell thicknesses based
on buckling designs, the shell thickness used in determining the size of the ring connecting the
shell to the shell, and lastly, the size of the connecting ring, for the 565°C and 700°C Cylindrical
MS Shells respectively. Equation 3.27 shows how the thickness was calculated to satisfy buckling
(Timoshenko 1959).
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Based on Equation 3.27,  ܧis the Young’s Modulus of the steel. The Young’s Modulus of
steel is typically 29,000 kips per square inch, but at 565°C, the Young’s Modulus is 65% of its
original value, which is 18,850 ksi (Salmon 2009). In addition, ߥ is the Poisson’s ratio of the steel
shell, which is 0.3. ܴ is the larger of ݎଵ or ݎଶ at any given angle ߶.  ܵܨis the factor of safety used
in the design, which is 1.67, and ௦ is the service loading on the shell at an angle ߶. Lastly,  ݐis
the thickness of the shell needed to satisfy the given equation.
For the 565°C Cylindrical MS Shell, the spherical shells require thicknesses of 0.32 inches,
0.14 inches, and 0.10 inches for the shells with a height of 4 feet, 8 feet, and 12 feet respectively.
The parabolic shells require thicknesses of 0.33 inches, 0.17 inches, and 0.13 inches for the shells
with a height of 4 feet, 8 feet, and 12 feet respectively. The elliptical shells require thicknesses of
0.79 inches, 0.31 inches, and 0.19 inches for the shells with a height of 4 feet, 8 feet, and 12 feet
respectively. Based on these thicknesses, the spherical shells must have minimum thicknesses of
0.35 inches, 0.15 inches, and 0.10 inches for the shells with a height of 4 feet, 8 feet, and 12 feet
respectively. The parabolic shells must have minimum thicknesses of 0.35 inches, 0.20 inches,
and 0.15 inches for the shells with a height of 4 feet, 8 feet, and 12 feet respectively. The elliptical
shells must have minimum thicknesses of 0.80 inches, 0.35 inches, and 0.20 inches for the shells
with a height of 4 feet, 8 feet, and 12 feet respectively.
For the 700°C Cylindrical MS Shell, the spherical shells require thicknesses of 0.33 inches,
0.16 inches, and 0.11 inches for the shells with a height of 4 feet, 8 feet, and 12 feet respectively.
The parabolic shells require thicknesses of 0.35 inches, 0.17 inches, and 0.13 for the shells with a
height of 4 feet, 8 feet, and 12 feet respectively. The elliptical shells require thicknesses of 0.84
inches, 0.33 inches, and 0.21 inches for the shells with a height of 4 feet, 8 feet, and 12 feet
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respectively. Based on these thicknesses, the spherical shells must have minimum thicknesses of
0.35 inches, 0.20 inches, and 0.15 inches for the shells with a height of 4 feet, 8 feet, and 12 feet
respectively. The parabolic shells must have minimum thicknesses of 0.35 inches, 0.20 inches,
and 0.15 inches for the shells with a height of 4 feet, 8 feet, and 12 feet respectively. The elliptical
shells must have minimum thicknesses of 0.85 inches, 0.35 inches, and 0.25 inches for the shells
with a height of 4 feet, 8 feet, and 12 feet respectively. Equation 3.28 shows the formula for
determining the ring sectional area (ܣ ) of a supporting ring with a given Young’s modulus (ܧ ),
a calculated ring force (ܲ  ) in the cross section, as well as a calculated roof strain (ߝ  ). Equation
3.29 is used to calculate the ring forces for rings supporting spherical and parabolic rings, with ܰథ
being the roof shell force in the phi direction and ߶ being the phi angle of the roof at the support.
Equation 3.30 is used to calculate the ring forces for rings supporting elliptical shells, with ܰథఏ
being the roof shear forces along the ring support and ߠ being the theta angle of the roof along the
ring support. In both Equations 3.29 and 30,  ݎis the radius of the support ring.
ܣ ൌ ቚ
ఌ


 ா

ቚ

ܲ ൌ െܰథ ߶  ݎ
గ

ܲ ൌ െ ݎ ܰథఏ  ߠ ݀ߠ

(3.28)
(3.29)
(3.30)

For the 565°C Cylindrical MS Shell, the spherical shells have ring cross sectional areas of
246.8 square inches, 118.9 square inches, and 106.9 square inches for the shells with a height of 4
feet, 8 feet, and 12 feet respectively. The parabolic shells have ring cross sectional areas of 233.2
square inches, 124.5 square inches, and 85.9 square inches for the shells with a height of 4 feet, 8
feet, and 12 feet respectively. The elliptical shells have ring cross sectional areas of 6.2 square
inches, 17.4 square inches, and 29.0 square inches for the shells with a height of 4 feet, 8 feet, and
12 feet respectively. Each ring will use A588 Grade 60 steel. The elliptical shells will have
66

significantly smaller rings since it is the shear shell forces (ܰథఏ ) used in the shell design instead
of ܰథ , which is used in the parabolic and spherical shell rings. In determining the ring force for
elliptical shells, the shear shell forces are integrated between 0° and 180° to determine the shear
force of the ring.
For the 700°C Cylindrical MS Shell, the spherical shells have ring cross sectional areas of
252.2 square inches, 159.8 square inches, and 154.9 square inches for the shells with a height of 4
feet, 8 feet, and 12 feet respectively. The parabolic shells have ring cross sectional areas of 238.9
square inches, 127.8 square inches, and 88.4 square inches for the shells with a height of 4 feet, 8
feet, and 12 feet respectively. The elliptical shells have ring cross sectional areas of 6.2 square
inches, 17.0 square inches, and 32.7 square inches for the shells with a height of 4 feet, 8 feet, and
12 feet respectively. As with the 565°C Shells, each ring will use A588 Grade 60 steel.

3.5

FULL DESIGN OF 565˚C DROP SHELL MS STORAGE SHELL

3.5.1

Shell Membrane Design of the 565˚C Drop Shell MS Storage Shell
An important focus for this research has been the determination of whether there are more

efficient ways to store molten salt. As such, this research is exploring the structural shapes used
in designing the storage shells. Two alternatives beyond the use of cylindrical shells are explored,
drop shell shells and spherical shell shells, both of which use structural steel designs and were
initially recommended earlier for use as an MS storage shell (Loyd 2016). Figures 3.10 and 11
show the drop shell and its dimensions. The full design calculations are presented in Appendix C,
while the full design drawings are presented in Appendix S.
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Figure 3.10: 565°C Steel MS Drop Shell Model Design Geometric Dimensions

By using a drop shell instead of a cylindrical shell, the shell wall will experience lower MS
pressures and as result use thinner walls. Because of the drop shell’s lower surface to volume ratio
when compared to the cylindrical shell, the drop shell will have a lower relative heat loss. For this
research, a practically constructible version of the drop shell shell is presented instead of having a
continuously increasing radius of curvature and decreasing shell thickness from the bottom to the
top of the drop shell, which is due to the decrease in the MS pressures (Flugge 1960). As such,
the model presented instead uses two smoothly joined toroidal shells of two different radii to create
a modified constant stress liquid storage shell shell design. A big feature of a true drop shell is
that the constant stress in the shell wall is directly proportional to the product between the vertical
depth of salt and the radius of curvature at a given point. Equation 3.31 details how the shell force
is related to the molten salt loading and the radii of curvature (Timoshenko 1959).
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(3.31)

Figure 3.11: 565°C Steel MS Drop Shell Model Design Material Dimensions Including Sand Layer, 50”
Posttension Slab, and Safety Steel Walls at the Edge

As with the cylindrical shells, the original consideration in this research was for the design
to use carbon steel as a structural layer and stainless steel for corrosion protection. However, due
to geometric constraints, it becomes impractical to use two different materials for these layers due
to the thermal structural effects of higher thermal expansion for stainless steel versus carbon steel,
which is discussed in Section 3.5.3. As a result, the design for this shell uses of SS316 stainless
steel for both the structural and corrosion layers. As with the cylindrical shells, the actual yield
strength is 60% of its nominal strength and the Young’s Modulus is 65% of its nominal strength.
As in the cylindrical shells, 60% of the actual yield strength is used as the allowable strength (݂  )
in Equation 3.37. The allowable stress is 21.6 kips per square inch (ksi).
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A design for the drop shell has been performed using shell membrane theory. Shown in
Figure 3.12 is the force distribution for the drop shell shell based on the depth of salt. Equations
3.32 through 37 detail the shell theory force equations that determined the initial thickness of the
drop shell (Fluuge 1960 and Urugal 2009).
ߩ௦ ൌ ߛ כ ݖ௦

(3.32)

ݖ௧ ൌ ݎଵ௧ ሺ  ߶ െ  ߶ሻ

(3.33)

ݖ௧ ൌ ݎଵ௧ ሺ  ߶ െ  ߶ ሻ  ݎଵ ሺ  ߶ െ  ߶ሻ
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(3.35)
(3.36)
(3.37)

Based on these equations, ߩ௦ is salt pressure that is exerted outward on the normal of the
shell surface,  ݖis this depth of the salt, and ߛ௦ is the unit weight of Solar Salt, which is 118.6
pounds per cubic foot (pcf). The primary radius of curvature for the drop shell is ݎଵ, with ݎଵ௧ being
the radius of curvature for the top section and ݎଵ being the radius of curvature for the bottom
section. The secondary radius of curvature the spherical shell is represented by ݎଶ , while ߶
represents the phi angle that top of the Solar Salt meets the shell surface (43.9°), ߶ represents the
phi angle that the top and bottom sections of the drop shell meet (66.4°), and ߶ represents the phi
angle along the shell wall that the depth of salt ( )ݖoccurs along the shell wall. The depth of salt
along the top shell surface is denoted by ݖ௧ while the depth of salt in the bottom section is denoted
by ݖ . The shell forces are represented by ܰథ for the forces in the radial direction, and by ܰఏ for
the forces in the circumferential direction (Fluuge 1960 and Urugal 2009).
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Figure 3.12: Force Distribution for the Drop Shell Using Shell Membrane Theory in Non-Bending Region

Since the non-bending region contains both the top and bottom torii, each torus will have
a different shell thickness in the non-bending region. The maximum force (ܰ௫ ) in Equation
3.34 for the bottom torus in the non-bending region is the radial force of 181.948 kips per foot
(klf) at the boundary between the bending and non-bending regions (߶ ൌ ͳʹͷι), resulting in a
required SS316 structural steel thickness of 3/4 inch (19.1 mm). The maximum force for the top
torus is the radial force of 85.128 kips per foot (klf), resulting in a required SS316 structural steel
thickness of 3/8 inches (9.53 mm). All of these structural thicknesses will see the addition of 1/4
inch (6.35 mm) SS316 stainless steel for corrosion protection. Since shell membrane theory does
not consider bending in the analysis, this explains the discontinuity at intersection of the two arcs.
A full bending analysis will provide a complete design.
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3.5.2

Shell Bending Design of the 565˚C Drop Shell MS Storage Shell
In order to complete the structural design, a bending design analysis needed to be done to

determine the full stress distribution in the shell wall. The moments ܯథ and ܯఏ are locally
significant at the bottom of the shell wall and vanish within a phi angle of 25° from the bottom of
the shell, which results in an arc length of 6.981 feet (2.128 meters) along the shell wall. Equations
3.38 through 50 are used to determine the bending moments, shell forces, and resulting stresses
that determine the required bending thickness, while Equation 3.51 is used to provide the buckling
check for compressive elements (Timoshenko 1959).
ర


ߣ ൌ ට͵ሺͳ െ ߥሻ ቀ ቁ

ଶ

௧

݇ଵ ൌ ͳ െ

ଵିଶఔ

݇ଶ ൌ ͳ െ

ଵାଶఔ

ܪൌ

మ ఒ ୱ୧୬ሺథሻ షഊഗ
ா௧ඥୱ୧୬ థ

భ  షഊഗ
ସఔఒඥୱ୧୬ థ

(3.39)

 ߶

(3.40)

ଶ ୱ୧୬ థ
ு ୱ୧୬ థ
ୱ୧୬ ఊ

ሺ ሺߣ߰  ߛሻ െ ݇ଶ ሺߣ߰  ߛሻሻ

(3.41)
(3.42)
(3.43)

ሺ݇ଵ ሺߣ߰  ߛሻ  ሺߣ߰  ߛሻሻ

(3.44)

ቀ൫ሺͳ  ߥ ଶ ሻሺ݇ଵ  ݇ଶ ሻ െ ʹ݇ଶ ൯ ሺߣ߰  ߛሻ  ʹߥ ଶ ሺߣ߰  ߛሻቁ

(3.45)

ܯథ ൌ
ܯఏ ൌ

భ  షഊഗ

ଶఒ

 ߶

 మ ఘೞ ሺଵିఔሻ

ܥൌ
ߜൌ

ଶఒ

(3.38)

ଶఒඥୱ୧୬ థ

ܳథ ൌ
ܰథ ൌ
ܰఏ ൌ

ఒ షഊഗ
ඥୱ୧୬ థ

 షഊഗ
ඥୱ୧୬ థ

ሺߣ߰  ߛሻ

 ୡ୭୲ሺథሻ షഊഗ
ඥୱ୧୬ థ

ሺߣ߰  ߛሻ

ሺʹ ሺߣ߰  ߛሻ െ ሺ݇ଵ  ݇ଶ ሻ ሺߣ߰  ߛሻሻ

72

(3.46)
(3.47)
(3.48)

ߪథ ൌ
ߪఏ ൌ

ேഝ
௧
ேഇ
௧

ெഝ

േ
േ

௧మ
ெഇ
௧మ

ா௧

ߪ ൌ ସ

భ

(3.49)
(3.50)
(3.51)

Like with the shell analysis equations, ݎଵ and ݎଶ are the primary and secondary radii of
curvature respectively,  ݐis the shell thickness, ߩ௦ is the salt pressure being exerted on the shell
wall, ߶ is the phi angle along the shell wall, ܰథ is the shell force in the radial direction, and by ܰఏ
is the shell force in the circumferential direction. In addition,  ܧis the Young’s Modulus of the
steel, which is 18,550 kips per square inch (ksi) at 565°C, while ߥ is the Poisson’s ratio of steel,
which is 0.3. The bending characteristic coefficient is ߣ, while other coefficients are ݇ଵ , ݇ଶ , ܪ,
and  ܥare other coefficients used in the bending equations. The fixed end angle is denoted by ߶
the departure angle from the fixed end is ߰, and the phase angle for the bending equations that is
solved for ߛ. The bending moments in the radial and circumferential direction are respectively
ܯథ and ܯఏ . Lastly, the radial and circumferential stresses are respectively ߪథ and ߪఏ , while the
critical buckling stress that is used to check for compressive buckling is ߪ (Timoshenko 1959).
Based on these equations, it was determined that the required SS316 steel thickness in order
to satisfy bending is 2.5 inches (63.5 mm). A buckling check against Equation 3.60 determined
that the critical stress exceeds the allowable stress of 21.6 ksi, which means buckling is satisfied.
As such, the required thickness of structural steel for the drop shell in the bending region, with phi
angles ranging from 125° to 150°, remains at 2.5 inches (63.5 mm). Figure 3.13 shows the bending
moments in the shell wall and Figure 3.14 shows the resulting shell forces based on Shell Bending
Theory. Based on these results, the maximum positive moment is the radial moment at the fixed
end support, which is 21.132 kip-foot per foot (kip-ft/ft). The maximum negative moment is the
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radial moment at a phi angle of 138.1°, which has a moment 870.368 pound-foot per foot (lb-ft/ft).
The resulting maximum shell force is the circumferential force at a phi angle of 146.4°, which has
a force of 183.199 klf.

Figure 3.13: Shell Bending Moments in the 565°C Steel MS Drop Shell
Red is the Radial Moment and Blue is the Circumferential Moment

Figure 3.14: Shell Forces Using Shell Bending Theory in the 565°C Steel MS Drop Shell
Red is the Radial Force and Blue is the Circumferential Force
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3.5.3

Ring Designs of the 565˚C Drop Shell MS Storage Shell
Ring designs have been performed for the 565˚C Drop Shell MS Storage Shell, as the rings

are used to connect the different shell walls together. Equation 3.52 is used to calculate the
difference (οߜ) between the deflections of the shell walls being connected together (ߜଵ , ߜଶ ).
Equations 3.53 and 54 are the shear characteristic equations (ܦ, ߚ) used in calculating the shear in
a given shell wall. Equation 3.55 is used to calculate the shear forces (ܳ ) in a given shell wall at
the joint. Equation 3.56 is used to calculate the ring force (ܲ ) in the ring, with Equation 3.28
being used to calculate the ring cross section area.
οߜ ൌ ߜଶ െ ߜଵ
ா௧

 ܦൌ ଵଶሺଵିఔమ ሻ
ߚൌට

ξଵିఔమ
మ ௧

(3.52)
(3.53)

(3.54)

ܳ ൌ ሺʹ ߚܦଷ ሻሺοߜሻ

(3.55)

ܲ ൌ െݎଶ ܳ

(3.56)

Based on these equations,  ܧis the Young’s modulus, which is 18,850 ksi for the stainless
steel at high temperatures, while the Poisson’s ratio (ߥ) is 0.3 for steel. The thickness of the given
shell wall is  ݐwhile the secondary radius of curvature at the joint is ݎଶ . Ultimately, each ring that
is used to connect multiple shell walls together will be 10 inches (254 mm) long along the arc of
the shell wall, with five inches (127 mm) of length on each shell wall. The upper shell wall ring
has a thickness of 1/2 inch (12.7 mm), while the lower shell wall ring has a thickness of 1.75 inches
(44.5 mm).
For the ring connecting the shell wall to the base of the tank, Equation 3.57 is used to
determine the ring force (ܲ ) in the bottom ring, with Equation 3.58 being used to calculate the
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ring cross section area (ܣ ). Equations 3.59 and 60 are used to calculate to the bending moments
(ܯ , ܯ௭ ) in the ring. Equation 3.61 is used to calculate the bending stress (ߪ ) due to a given
moment ()ܯ, with the bending stress checked against the allowable stress (݂ ) to ensure the design
is adequate or if it needs to be adjusted for compliance.
ܲ ൌ െܴ൫ܰథ  ߶  ܳథ  ߶ ൯
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Based on these equations, the radius of the base (ܴ) is 40 feet (12.192 meters) while the
phi angle of the shell wall at the base is (߶ ) is 150°. The shell forces in the shell wall at the joint
are ܰథ for the shell force in the phi direction and ܳథ for the shear force, while ܯథ is the bending
moment in the phi direction. For bending, ܿ is the centroid distance for a given axis of rotation,
while  ܫis the area moment of inertia. Based on this, the circular ring at the bottom of the tank that
the shell wall and insulating sandbox are welded to have dimensions of 10 inches (127 mm) wide
and 17 inches (432 mm) high.
For the 565˚C Drop Shell MS Storage Shell only, a 5/8 inch (15.9 mm) service dome is
included above the top of the drop shell wall. This dome is connected to the shell wall with a one
inch (25.4 mm) thick plate that follows the circular ring, which has an HSS 9x5x5/8” cross section,
that it rests upon. The dome, shell wall, and circular ring are all welded to this plate. The bottom
of the circular ring has one inch (25.4 mm) thick plates, which are nine inches (229 mm) square,
that are placed in between each of the eight HSS 3.5x3.5x1/8” columns used to support the dome
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and the circular ring, with all elements welded together. These square plates are also used at the
bottom of the tank to connect the columns with the stainless steel. The design loads for these
columns and ring that are calculated in Appendix C use additional factors of safety to scale up the
LRFD design loads in order to make use of the Steel Construction Manual (2012). These factors
of safety are 1.54 for buckling loads and 1.67 for all loadings subject to yielding. This is done
since the Steel Construction Manual (2012) lists load values using a Young’s modulus of 29,000
ksi, which is the Young’s modulus at room temperature, while also using room temperature yield
strengths as well. These factors of safety account for the high temperature effects of steel while
allowing for the use of the design tables in the Steel Construction Manual (2012).

3.5.4

Thermal Structural Effects of the 565˚C Drop Shell MS Storage Shell
As with the cylindrical shells, the 565˚C Drop Shell MS Storage Shell will sit on a three

foot (914 mm) layer of sand, which also than sits on a 50 inch (1.270 meters) thick prestressed
concrete slab – the same used with the cylindrical shells. As with the cylindrical shells, the sand
layer does allow for thermal expansion of the shell.
Due to geometric constraints, instead of placing inside the shell the firebrick insulation that
is at the bottom of shell, there is an insulating sand layer on the outside of the shell – below both
the structural and corrosion layers of carbon steel. This insulating sand layer will be encased in a
one inch (25.4 mm) carbon steel box that is welded to the structural carbon steel shell. Below the
encased box of firebrick is the sand layer that the whole shell will rest on, allowing for full free
thermal expansion. Full design of the insulation materials, including the firebrick, for this shell is
provided in Chapter 4.
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Because of these same geometric constraints, using a carbon steel and stainless steel hybrid
for structural and corrosion purposes, respectively, will induce significant thermal stresses. Under
this arraignment, the carbon and stainless steel would expand in a ring strain condition (ߝ ) as
shown in Equation 3.62 due to the difference in expansion rates. Equations 3.63 and 64 are used
to determine the thermal stresses caused by the thermal ring strain in the carbon and stainless steels
respectively.
ߝ ൌ

ο்ሺఈೞ ௧ೞ ାఈೞೞ ௧ೞೞ ሻ
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(3.64)

Based on these equations, οܶ is the change in temperature, which is the difference between
the 565°C steel temperature and the 20°C construction temperature, which is 545°C. The thermal
rates of expansion for the carbon and stainless steels respectively are ߙ௦ and ߙ௦௦ , which are
12.5×10-6 and 16×10-6 respectively. The thermal stresses in the carbon and stainless steels
respectively are ߪ௧ǡ௦ and ߪ௧ǡ௦௦ , while the thicknesses of the carbon and stainless steels respectively
are ݐ௦ and ݐ௦௦ . Using Equations 3.62 through 64, it was determined that in the hybrid model, the
difference between the carbon steel and stainless steel thermal stresses is 51.4 kips per square inch
(ksi). The problem was resolved by using an all stainless steel shell, not a hybrid, and the thermal
stresses became insignificant. As such, the shell should use the same 1/4 inch (6.35 mm) thickness
for the corrosion protection used by the cylindrical shells. Since the shell is all stainless steel, this
thickness will be added to the required structural thicknesses for the shell wall.
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3.6

FULL DESIGN OF 565˚C TRUNCATED SPHERICAL MS STORAGE SHELL

3.6.1

Shell Membrane Design of the 565˚C Truncated Spherical MS Storage Shell
Another structural alternative is to examine designs using spherical shells such as the one

shown in Figure 3.15. The structure consists the spherical shell resting on the ground, which is
filled with molten salt, with a cut along ground level to allow for the insertion of a flat base along
the ground. The full design calculations are presented in Appendix D, while full design drawings
are presented in Appendix T.

Figure 3.15: 565°C Steel MS Truncated Spherical Shell Model Including Sand Layer, 50” Posttension Slab,
and Safety Steel Walls at the Edge

As with the cylindrical shells, the original intention for the design was to use carbon steel
as a structural layer and stainless steel for corrosion protection. However, due to geometric
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constraints, it becomes impractical to use two different materials for these layers due to the thermal
structural effects of higher thermal expansion for stainless steel versus carbon steel, which is
discussed in Section 3.6.3. As a result, the design for this shell uses of SS316 stainless steel for
both the structural and corrosion layers. As with the cylindrical shells, the actual yield strength is
60% of its nominal strength and the Young’s Modulus is 65% of its nominal strength. As in the
cylindrical shells, 60% of the actual yield strength is used as the allowable strength (݂  ) in
Equation 3.34. The allowable stress is 21.6 kips per square inch (ksi).

Figure 3.16: Force Distribution for Truncated Spherical Shell Using Shell Membrane Theory in NonBending Region

A design of a storage shell with the same volume of Solar Salts as the cylindrical shell has
been performed using shell membrane theory. Shown in Figure 3.16 is the force distribution in
the truncated sphere at any given vertical angle of the shell. Equations 3.32, 3.37, and 3.65 through
67 detail the shell theory force equations that determined the membrane thicknesses of the drop
shell (Timoshenko 1959 and Urugal 2009).
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Based on these equations, ߩ௦ is salt pressure that is exerted outward on the normal of the
shell surface and  ݖis this depth of the salt. The radius of the spherical shell is represented by ݎ,
while ߶ represents the phi angle that top of the Solar Salt meets the shell surface (41.3°), and ߶
represents the phi angle along the shell wall that the depth of salt ( )ݖoccurs along the shell wall.
The shell forces are represented by ܰథ for the forces in the radial direction, and by ܰఏ for the
forces in the circumferential direction (Timoshenko 1959 and Urugal 2009).
For the membrane theory design, the non-bending region will be divided into two sections
to allow for a thinner steel thickness in the upper portion of the shell, with the cut being made at a
phi angle of 70°. Based on this information, the maximum force (ܰ௫ ) in the lower non-bending
section is the circumferential ܰఏ force at the intersection of the bending and non-bending regions
(߶ ൌ ͻʹι), which is 149.707 kips per foot (klf). The resulting SS316 structural steel thickness for
this section is 5/8 inches (15.9 mm). The maximum force (ܰ௫ ) in the upper non-bending section
is the circumferential ܰఏ force of 76.094 kips per foot (klf). The resulting SS316 structural steel
thickness for the upper portion of the shell is 5/16 inches (7.94 mm). All of these structural
thicknesses will see the addition of 1/4 inch (6.35 mm) SS316 stainless steel for corrosion
protection. Since shell membrane theory does not consider bending or buckling in the analysis,
this must be performed to complete the design. As such, compatibility of horizontal displacements
between the ground and shell will be maintained and calculated to minimize moments and shears
at shells’ edge, allowing for a complete design.
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3.6.2

Shell Bending Design of the 565˚C Truncated Spherical MS Storage Shell
In order to complete the structural design, a bending design analysis needed to be done to

determine the full stress distribution in the shell wall. The moments ܯథ and ܯఏ are locally
significant at the bottom of the shell wall and vanish within a phi angle of 15.8° from the bottom
of the shell, which results in an arc length of 11.547 feet (3.520 meters) along the shell wall.
Equations 3.68 through 80 are used to determine the bending moments, shell forces, and resulting
stresses that determine the required bending thickness, while Equation 3.81 is used to provide the
buckling check for compressive elements (Timoshenko 1959).
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Like with the shell analysis equations,  ݎis the spherical radius,  ݐis the shell thickness, ߩ௦
is the salt pressure being exerted on the shell wall, ߶ is the phi angle along the shell wall, ܰథ is
the shell force in the radial direction, and by ܰఏ is the shell force in the circumferential direction.
In addition,  ܧis the Young’s Modulus of the steel, which is 18,550 kips per square inch (ksi) at
565°C, while ߥ is the Poisson’s ratio of steel, which is 0.3. The bending characteristic coefficient
is ߣ, while other coefficients are ݇ଵ , ݇ଶ , ܪ, and  ܥare other coefficients used in the bending
equations. The fixed end angle is denoted by ߶ the departure angle from the fixed end is ߰, and
the phase angle for the bending equations that is solved for ߛ. The bending moments in the radial
and circumferential direction are respectively ܯథ and ܯఏ . Lastly, the radial and circumferential
stresses are respectively ߪథ and ߪఏ , while the critical buckling stress that is used to check for
buckling in compressive elements is ߪ (Timoshenko 1959). Figure 3.17 shows the bending
moments in the shell wall and Figure 3.18 shows the resulting shell forces based on Shell Bending
Theory.
Based on these equations, it was determined that the required SS316 steel thickness in order
to satisfy bending is 1.125 inches (28.6 mm). A buckling check against Equation 3.81 determined
that the critical stress is less than the allowable stress of 21.6 ksi, which means the required
thickness needs to be adjusted to satisfy buckling requirements. As such, the required thickness
of structural steel for the truncated spherical shell in the bending region, with phi angles ranging
from 92° to 107.8°, is 1.625 inches (41.3 mm) after adjusting for buckling. Based on these results,
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the maximum positive moment is the radial moment at the fixed end support, which is 6.536 kipfoot per foot (kip-ft/ft). The maximum negative moment is the radial moment at a phi angle of
101.8°, which has a moment -389.176 pound-foot per foot (lb-ft/ft). The resulting maximum shell
force is the circumferential force at a phi angle of 105.8°, which has a force of 99.09 klf.

Figure 3.17: Shell Bending Moments in the 565°C Steel MS Truncated Spherical Shell
Red is the Radial Moment and Black is the Circumferential Moment

Figure 3.18: Shell Forces Using Shell Bending Theory in the 565°C Steel MS Truncated Spherical Shell
Red is the Radial Force and Black is the Circumferential Force
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3.6.3

Ring Designs of the 565˚C Truncated Spherical MS Storage Shell
Ring designs have been performed for the 565˚C Truncated Spherical MS Storage Shell,

as the rings are used to connect the different shell walls together. Equations 3.52 through 56 are
used to determine the design of these rings. Ultimately, each ring that is used to connect multiple
shell walls together will be 10 inches (254 mm) long along the arc of the shell wall, with five
inches (127 mm) of length on each shell wall. The upper shell wall ring has a thickness of 3/8
inches (9.53 mm), while the lower shell wall ring has a thickness of 1.125 inches (28.6 mm).
For the ring connecting the shell wall to the base of the tank, Equations 3.57 through 61
are used to determine the design of this ring. Based on these equations, the radius of the base (ܴ)
is 40 feet (12.192 meters) while the phi angle of the shell wall at the base is (߶ ) is 107.6°. Based
on this, the circular ring at the bottom of the tank that the shell wall and insulating sandbox are
welded to have dimensions of 15 inches (381 mm) wide and five inches (127 mm) high.

3.6.4

Thermal Structural Effects of the 565˚C Truncated Spherical MS Storage Shell
As with the cylindrical shells, the 565˚C Truncated Spherical MS Storage Shell will sit on

a three foot (914 mm) layer of sand, which also than sits on a 50 inch (1.270 meters) thick
prestressed concrete slab – the same used with the cylindrical shells. As with the cylindrical shells,
the sand layer does allow for thermal expansion of the shell.
Due to geometric constraints, instead of placing inside the shell the firebrick insulation that
is at the bottom of shell, there is an insulating sand layer on the outside of the shell – below both
the structural and corrosion layers of carbon steel. This insulating sand layer will be encased in a
one inch (25.4 mm) carbon steel box that is welded to the structural carbon steel shell. Below the
encased box of firebrick is the sand layer that the whole shell will rest on, allowing for full free
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thermal expansion. Full design of the insulation materials, including the firebrick, for this shell is
provided in Chapter 4.
Because of these same geometric constraints, using a carbon steel and stainless steel hybrid
for structural and corrosion purposes, respectively, will induce significant thermal stresses. Under
this arraignment, the carbon and stainless steel would expand in a ring strain condition as shown
in Equation 3.62 due to the difference in expansion rates. Using Equations 3.62 through 64, it was
determined that in the hybrid model, the difference between the carbon steel and stainless steel
thermal stresses is 51.4 kips per square inch (ksi), just as the drop shell. The problem was resolved
by using an all stainless steel shell, not a hybrid, and the thermal stresses became insignificant. As
such, the shell should use the same 1/4 inch (6.35 mm) thickness for the corrosion protection used
by the cylindrical shells. Since the shell is all stainless steel, this thickness will be added to the
required structural thicknesses for the shell wall.

3.7

CONCLUSIONS
The cylindrical shells will use carbon steel as a structural steel layer while the inside of the

shell wall will be lined with a 1/4 inch (6.35 mm) SS316 stainless steel layer. However, for the
drop shells and spherical shells, they use only stainless steel for the shell wall because of the
concerns of building a thin 1/4 inch (6.35 mm) stainless steel shell inside of a carbon steel shell,
which could cause the thin stainless steel layer to collapse due to the thermal stresses. Lining a
drop shell or spherical shell with firebrick also comes with challenges as well due to the geometry
of these shells, and as such using firebrick is not recommended for the drop shell and spherical
shell.
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We have overcome the expense of a thick stainless steel shell layer with a combination of
wall thickness changes for the drop shell and spherical shell, with three different shell thicknesses
in each shape connected together with rings at the change junctions. Rings are also employed at
the bases of the shell wall for each shape as well. Joint ring analysis was performed on these rings
to determine their design, which was discussed. For the shell wall thicknesses in the drop shell
and spherical shell, these thicknesses add the required 1/4 inch (6.35 mm) stainless steel corrosion
resistance to the required stainless steel structural steel thickness.
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CHAPTER 4
HEAT TRANSFER ANALYSIS OF MS STORAGE
SHELLS AT 565°C AND 700°C WITH
ASSOCIATED FULL MATHCAD SOLUTIONS
4.1

INTRODUCTION
When designing a Molten Salt (MS) storage tank, one must consider the environment that

the tank will be placed. This is especially important when considering the heat transfer effects.
For these tank designs, the primary set of insulation designs are for use in Las Vegas, Nevada,
using a minimum outside temperature of -10°C, which is 14°F. However, other temperatures were
used to determine the effects on both the insulation designs as well as the heat transfer analysis.
When performing the heat transfer analysis, a numerical Finite Element Analysis (FEA) is
performed on the convection analysis along the side wall of the cylindrical tanks. This was able
to be performed due to the detailed research into this behavior. As such, this provided more refined
heat flux values for determining heat loss. Ultimately, this refinement also meant that a more
exhaustive approach was taken with estimating the heat losses with the roof.
Final designs for the cylindrical tanks were ultimately achieved. As mentioned in Chapter
3, both cylindrical tanks have a one inch carbon steel (25.4 mm) thickness at the bottom of the
tank, a maximum of one inch carbon steel (25.4 mm) along the side wall, and a one inch (25.4
mm) thick carbon steel elliptical roof that is four feet (1.219 meters) high. The inside of both tanks
are lined with 1/4 inch (6.35 mm) thick SS316 stainless steel to protect against corrosion. Also,
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both tanks use two inches (50.8 mm) of sand below the bottom stainless steel layer to allow for
thermal expansion of the stainless steel.
For the 565°C Cylindrical MS Storage Tank, the used firebrick insulation on the bottom of
the tank is 23 inches (584 mm). The used Kaowool insulation on the side wall is 11 inches (279
mm) and on the roof it is 10 inches (254 mm). For the 700°C Cylindrical MS Storage Tank, the
used firebrick insulation on the bottom of the tank is 30 inches (762 mm). The used firebrick
insulation on the side wall is 10 inches (254 mm). The used Kaowool insulation on the side wall
is 10 inches (254 mm) and on the roof it is 12 inches (305 mm).
Based on this analysis, both the 565°C Drop Shell and Truncated Spherical MS Storage
Tanks will require the same insulation design thicknesses. For the Las Vegas Case Design at 250
Watts per square meters (W/m2), the outside of both shells will use 10 inches (254 mm) of Kaowool
for the roof sections while the rest of the shell sections use 11 inches (279 mm) of Kaowool. At
the bottom of these tanks, there is 30 inches (762 mm) of enclosed insulating sand encased by one
inch (25.4 mm) of carbon steel. As mentioned in Chapter 3, the Drop Shell Tank has a maximum
structural stainless steel thickness of 2.5 inches (63.5 mm) and the Truncated Spherical Tank has
a maximum structural stainless steel thickness of 1.625 inches (41.3 mm), with both tanks using
1/4 inch (6.35 mm) of stainless steel as an inner corrosion layer.

4.2

METHODOLOGY FOR HEAT TRANSFER DESIGN AND ANALYSIS

4.2.1

Basic Information for All MS Storage Tanks
For all heat transfer design and analysis, calculations were performed using MathCAD to

provide numerical solutions for the various MS storage tank shapes. The following are the initial
considerations used for the heat transfer analysis used in the molten salt tank structure design.
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Based on the experimental molten salt storage tank developed at NREL by Halotechnics in
Jonemann (2013), the maximum allowable heat flux for the system was 300 Watts per square meter
(W/m2) (Jonemann 2013). Given the fact that the experimental investigation was for a small
molten salt tank, our primary designs use a maximum heat flux of 250 W/m2. However, fluxes of
240 W/m2, 225 W/m2, 200 W/m2, and 150 W/m2 are also considered for both the insulation design
and for heat transfer analysis. Given that the life of the molten salt storage facility was set for 50
years, a steady state will be achieved in time, which justifies the use of the equations shown below
in the analysis of the design. Once an extensive analysis is published, the heat flux may vary
somewhat from the initial design presented here.

4.2.2

Initial Conduction and Simplified Convection Analysis

Figure 4.1: 700°C Cylindrical MS Storage Tank with Insulation Layers
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Figure 4.1 shows the 700°C Cylindrical MS Storage Tank with an elliptical roof. Outlining
the outside of the shell wall and elliptical roof is Kaowool, which is commercially available on
Amazon (CM-Ceramics 1). For the 700°C Cylindrical MS Storage Tank only, a layer of G-23
firebrick insulation is present between the side carbon and stainless steel layers, which is necessary
for the protection of the structural layers against the intense 700°C temperatures. In addition, the
bottom of the tank will contain G-23 firebrick insulation that is grouted with a thin heat resistant
concrete mortar to the carbon steel with at least two inches (50.8 mm) of sand resting above the
firebrick, between a stainless steel layer and a carbon steel layer. Additional sand may need to be
added maintain the two inches of insulation because of possible seepage into the microcracks in
the bottom firebrick layer. The sand layers, both below the stainless steel and the carbon steel
layers, allow for the free thermal expansion of the steel layers during solar heating of both the tank
and the salt. This results in the tank layers being tight to each other when fully heated and loaded.
Thermal conductivities values for these materials are shown in Table 4.1 (Bauman and Zunft 2011,
Jonemann 2013, Thermal Conductivity 2003).

Table 4.1: Thermal Conductivity Values of Insulating and Structural Material Used in Tank Design
(Bauman and Zunft 2011, Jonemann 2013, Thermal Conductivity 2003)
Material
Kaowool
Granular Sand
Carbon Steel
Stainless Steel
G-23 Firebrick

Thermal Conductivity (W/m2)
0.12
0.40
16.0
43.0
0.33

The first step in performing an initial heat transfer analysis is to determine the thermal
conductivity through the bottom of the tank. Traditional linear thermal conductivity, which is
detailed in Equation 4.1, is used to determine the heat dissipation through the insulating firebrick
at the bottom of the tank, which is incased with 0.25 inches (6.35 mm) of stainless steel and two
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inches (50.8 mm) of sand above the firebrick, and one inch (25.4 mm) of carbon steel below the
firebrick (Holman 1986). From the bottom of the tank onward, the ground can be treated as a
semi-infinite medium, requiring the use of Equation 4.2 to describe its behavior over time
(Unsteady Heat Transfer 2008). In determining this behavior, the temperature of the ground (ܶ )
is set to 15ႏ, while the temperature of the salt (ܶ௦ ) is set to 565ႏ. As stated earlier, the life span
is 50 years, which is used as the time ( )ݐin Equation 4.1. Lastly, the depth of the sand layer ()ݔ
between the tank and the supporting concrete slab is 36 inches (914 mm).
 ݍൌ ݇ܣ
்ሺ௫ǡ௧ሻି்బ
்ೞ ି்బ
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Based on these equations, the required thickness of firebrick insulation that would allow
the concrete slab to stay below 90ႏ for the lifespan of the tank is determined. The reason for
keeping the concrete mat foundation at this temperature is to prevent evaporation of water of
hydration inside the concrete given the long life of the tank.
The next step in performing a heat transfer analysis is to determine how heat dissipates
through the side walls. This behavior exhibits radial heat conduction in the shell elements, which
is detailed in Equation 4.3, while Equation 4.4 is used to determine the heat flux due to free
convection just outside the shell wall (Holman 1986).
ݍൌ
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(4.3)
(4.4)

Using Equation 4.3, an insulation design was performed for the steel shell tank using the
structural shell thicknesses as stated earlier. The next step in the heat transfer analysis is
determining the heat dissipation through the top of the tank in order to perform an initial insulation
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design. Equations 4.1 and 4.4 through 6 are used to describe this behavior (Holman 1986).
Equation 4.5 is used in calculating the coefficient of convection for the convection pocket
immediately above the molten salt.

Equation 4.6 is used in calculating the coefficient of

convection for the convection pocket immediately above the elliptical roof. For both equations,
οܶ is the change in temperature due to convection.
య

݄ ൌ ͳǤͷʹξοܶ
య

݄ ൌ ͳǤ͵ͳξοܶ

(4.5)
(4.6)

Based on Equations 4.1 and 4.4 through 4.6, the thickness of Kaowool insulation can be
determined by using a set maximum allowed flux, which for the main designs was 250 W/m2. The
resulting insulation thicknesses are presented in the following sections.

4.2.3

Cylindrical MS Storage Tank Wall Final Convection Analysis

Figure 4.2: Sample of a Convection Bubble Along a Cylindrical Wall

A study by Popiel (2008) examined the effects on convection along the side of a cylindrical
wall with Figure 4.2 showing the convection bubble. Knowing these effects are useful for
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determining the full heat transfer analysis in the cylindrical side wall as it allows for a more robust
solution for ݄ in Equation 4.4, which can be used for convection heat transfer along with Equation
4.3 for conduction heat transfer to determine the heat transfer analysis in the side wall. Equation
4.7 details the general equation for the convection coefficient (݄) of air.
݄ൌ

ே௨כ

(4.7)

௫

In this equation,  ݔis the characteristic distance along the convection surface, which is the
cylindrical height above the ground, while ܰ ݑis the Nusselt number at this height and ݇ is the
thermal conductivity of the fluid, which for air is 24.35 milliwatts per meter-Kelvin (mW/m-K).
Equation 4.8 is the empirical equation derived for the Nusselt Equation along a cylindrical wall,
while Equation 4.9 is the empirical equation for the Nusselt Equation of a flat plate (Popiel 2008).
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Based on this equations,  ݔis the height along the cylinder serving as the characteristic
distance, ܴ is the radius of the cylindrical shell, ݃ is gravitational acceleration, which is 9.807
meters per second squared (9.807 m/s2), and ȟܶ is the temperature loss due to convection. The
remaining constants are fluid material properties, with ߥ being the viscosity, which is 1.75×10-5
meters squared per second (m2/s) for air, while ߚ is the fluid thermal expansion coefficient, which
for air is 0.003/K, while ܲ ݎis the Prandtl number for the fluid, which for air is 0.72 (Popiel 2008).
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4.2.4

Cylindrical MS Storage Tank Roof Final Convection Analysis
With the elliptical roof designs that have been presented for the cylindrical tank designs, a

short study was performed to determine the best way to perform an analysis of the convection
effects of the roof designs. As mentioned earlier, the simplified convection equations (Equations
4.4 through 6) are used to determine convection for the initial design. However, those equations
are best used for a flat plate condition, which an elliptical roof shape is not. However, in order to
make use of this condition, this study proposes treating the elliptical roof as a pseudo cylindrical
shell on top of the cylindrical tank with a flat plate on top of the pseudo cylindrical shell. For this
pseudo cylindrical shell and flat plate combination, the total surface area from both sections would
be equivalent to the surface area of the elliptical roof shell it was simulating. In this condition, the
flat plate section could use the simplified flat plate convection equations for its convection while
the pseudo cylindrical side shell wall would use the cylindrical convection process as detailed in
the previous section.
As part of this study, the purpose was to determine the best way to size the pseudo
cylindrical shell in terms of determining its height and its radius while maintaining the required
surface area of the shell. The first approach, which is referred to as the Extended Cylinder
Approach, was to make the radius of pseudo cylindrical shell the same as the cylindrical tank that
is was attached to, then calculating the required height that would maintain the required total
surface area. The second approach, which is referred to as the Condensed Cylinder Approach, was
to use the same height for the pseudo cylindrical shell as the elliptical roof shell, then calculate the
needed radius that would be needed to maintain the required surface area. Once the pseudo shells
were sized, the appropriate convection analysis was performed for the appropriate section of the
pseudo shell, all while maintaining the same insulation thicknesses as the elliptical roof that was
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being simulated. Once these analyses were completed, the average roof heat flux was determined
by an averaging the heat fluxes of the pseudo cylindrical shell wall and flat plate sections, with the
average weighted by the surface area of each of the two sections. Figure 4.3 shows the heat fluxes
for the various configurations at 565°C while Figure 4.4 show the heat fluxes at various
configurations at 700°C using the 250 W/m2 Las Vegas Case Design.
Based on Figure 4.3, the resulting heat fluxes for the flat plate sections of the simulated
roofs in both conditions at 565°C are 228.521 W/m2 for the four foot high elliptical roof, 228.596
W/m2 for the eight foot high elliptical roof, and 228.633 W/m2 for the 12 foot high elliptical roof.
The resulting average heat fluxes for the extended cylinder condition at 565°C are 227.686 W/m2
for the four foot high elliptical roof, 226.134 W/m2 for the eight foot high elliptical roof, and
224.283 W/m2 for the 12 foot high elliptical roof. The resulting average heat fluxes for the
condensed cylinder condition at 565°C are 222.340 W/m2 for the four foot high elliptical roof,
219.286 W/m2 for the eight foot high elliptical roof, and 216.080 W/m2 for the 12 foot high
elliptical roof.
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Figure 4.3: Average Roof Heat Fluxes for 565°C Elliptical Roofs at Various Heights Using Various
Approaches (EC = Extended Cylinder | CC = Condensed Cylinder | FP = Flat Plate Section)
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Based in Figure 4.4, the resulting heat fluxes for the flat plate sections of the simulated
roofs in both conditions at 700°C are 242.002 W/m2 for the four foot high elliptical roof, 242.070
W/m2 for the eight foot high elliptical roof, and 242.104 W/m2 for the 12 foot high elliptical roof.
The resulting average heat fluxes for the extended cylinder condition at 700°C are 241.273 W/m2
for the four foot high elliptical roof, 239.912 W/m2 for the eight foot high elliptical roof, and
238.276 W/m2 for the 12 foot high elliptical roof. The resulting average heat fluxes for the
condensed cylinder condition at 700°C are 237.398 W/m2 for the four foot high elliptical roof,
233.771 W/m2 for the eight foot high elliptical roof, and 230.884 W/m2 for the 12 foot high
elliptical roof.
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Figure 4.4: Average Roof Heat Fluxes for 700°C Elliptical Roofs at Various Heights Using Various
Approaches (EC = Extended Cylinder | CC = Condensed Cylinder | FP = Flat Plate Section)

Table 4.2: Extended Cylinder Condition Pseudo Roof Heights in Feet
Elliptical Roof
4’ Height
8’ Height
12’ Height

565°C
0.601
1.869
3.532
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700°C
0.592
1.844
3.489

Table 4.3: Condensed Cylinder Condition Pseudo Roof Radius in Feet
Elliptical Roof
4’ Height
8’ Height
12’ Height

565°C
36.876
34.668
33.098

700°C
37.779
35.546
33.946

Based on Table 4.2, the pseudo roof heights at 565°C are 0.601 feet (183 mm) for the four
foot high elliptical roof, 1.869 feet (570 mm) for the eight foot high elliptical roof, and 3.532 feet
(1.077 meters) for the 12 foot high elliptical roof. At 700°C, the heights are 0.592 feet (180 mm)
for the four foot high elliptical roof, 1.844 feet (562 mm) for the eight foot high elliptical roof, and
3.489 feet (1.063 meters) for the 12 foot high elliptical roof.
Based on Table 4.3, the pseudo roof radii at 565°C are 36.876 feet (11.240 meters) for the
four foot high elliptical roof, 34.668 feet (10.567 meters) for the eight foot high elliptical roof, and
33.098 feet (10.088 meters) for the 12 foot high elliptical roof. At 700°C, the radii are 37.779 feet
(11.515 meters) for the four foot high elliptical roof, 35.546 feet (10.834 meters) for the eight foot
high elliptical roof, and 33.946 feet (10.347 meters) for the 12 foot high elliptical roof.
Based on all of this information, it is apparent that the flat plate heat flux values are more
conservative, meaning they provide the worst case heat loss condition, than the heat fluxes with
either the extended cylinder or condensed cylinder approaches. However, because of the curved
nature of the elliptical roof, the flat plate condition would not be appropriate for the whole roof.
Having said that, the heat fluxes from the extended cylinder approach are more conservative than
the condensed cylinder approach. As such, the shows that the extended cylinder approach for
calculating the roof heat losses would be the most appropriate for use in the heat transfer analysis
for the cylindrical tanks. As such, this approach is what will be used in calculating the roof heat
losses in the cylindrical tanks. Other observations from all of this information includes the fact
that the variation in heat fluxes between approaches is greater as the elliptical roof height increases.
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In addition, the difference in elliptical roof height and pseudo roof height increases as the elliptical
roof height increases. Lastly, the difference in tank radius and pseudo roof radius increases as the
elliptical roof height increases. These models will be compared to the convection results of a FEA
in COMSOL, discussed further in Chapter 5, which will used the actual elliptical roof geometry.

4.2.5

Analysis of the 565˚C Drop Shell and Truncated Spherical MS Tanks

Figure 4.5: 565˚C Truncated Spherical MS Storage Tank with Insulation Layers

For both the 565˚C Drop Shell and Truncated Spherical MS Tanks, the initial conduction
and simplified convection analysis process as described in Section 4.2.2 is used to perform the
initial insulation design as well as the final heat transfer analysis. For these tanks, the “wall”
section of the tank shell is the portion in contact with the molten salt while the “roof” section of
the tank shell is the portion above the molten salt. The bases of both tanks are subject to ground
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heat transfer analysis as with the cylindrical tanks. The biggest difference in analysis for these
two tanks compared to the cylindrical tanks is the slightly different layering. The bottom insulation
for these two tanks is an encased box of insulating sand versus the use of insulating firebrick in
the cylindrical tanks. Also, the structural layer for these two tanks is stainless steel instead of
carbon steel like in the cylindrical tanks. Like the cylindrical tanks, the drop shell and truncated
spherical tanks use Kaowool on the outside of the shell wall and use a 1/4 inch (6.35 mm) stainless
steel as a corrosion layer.

4.3

INITIAL HEAT TRANSFER FOR 565°C CYLINDRICAL MS STORAGE TANK

4.3.1

Thermal Insulation Design Results of 565˚C Cylindrical MS Storage Tank
The first set of design values that were determined were for the bottom insulation of the

565°C Cylindrical MS Storage Tank, which is provided in full in Appendix H. Table 4.4 details
the steel thicknesses used in calculating the thickness of firebrick insulation.

Table 4.4: Bottom Steel Thicknesses of the 565°C Cylindrical MS Tank
Material
Stainless Steel
Carbon Steel

Thickness (Inches)
0.25
1.00

The stainless steel layer is used as a corrosion protection layer to protect the other insulating
layers, and the 0.25 inch thickness is what is needed to provide 50 years of corrosion protection.
The carbon steel layer is part of the structural shell, and the one inch (25.4 mm) thickness for the
bottom plate matches the required design thickness for the bottom of the shell wall that connects
to the plate. In addition, two inches (50.8 mm) of sand that is used to provide for free thermal
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expansion of the stainless steel also provides some insulation. Table 4.5 shows the required design
thicknesses and the final design thicknesses of firebrick insulation at various fluxes.

Table 4.5: Bottom Firebrick Insulation Thicknesses of the 565°C Cylindrical MS Tank at Various Fluxes
Thickness (Inches)
Required Thickness
Design Thickness

250 W/m2
22.894
23

240 W/m2
23.917
24

225 W/m2
25.623
26

200 W/m2
29.035
30

150 W/m2
39.271
40

Based on Table 4.5, it is apparent that the thicknesses increase as the fluxes decrease. For
the 250 W/m2 design, 22.894 inches (582 mm) of ground firebrick insulation is required for the
design. At 240 W/m2, 23.917 inches (607 mm) of ground firebrick insulation is required. At 225
W/m2, 25.623 inches (651 mm) of ground firebrick insulation is required. At 200 W/m2, 29.035
inches (737 mm) of ground firebrick insulation is required. At 150 W/m2, 39.271 inches (997 mm)
of ground firebrick insulation is required.
Based on Table 4.5, the used thickness of ground firebrick insulation for the 250 W/m2
design is 23 inches (584 mm). At 240 W/m2, 24 inches (610 mm) of ground firebrick insulation
is used. At 225 W/m2, 26 inches (660 mm) of ground firebrick insulation is used. At 200 W/m2,
30 inches (762 mm) of ground firebrick insulation is used. At 150 W/m2, 40 inches (1.016 m) of
ground firebrick insulation is used. The next step is to determine the side insulation values for the
565°C Cylindrical MS Storage Tank. Table 4.6 details the steel thicknesses used in calculating
the thickness of firebrick insulation.

Table 4.6: Side Steel Thicknesses of the 565°C Cylindrical MS Tank
Material
Stainless Steel
Maximum Carbon Steel
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Thickness (Inches)
0.25
1.00

As stated earlier, the stainless steel layer is used as a corrosion protection layer to protect
the other insulating layers, and the 0.25 inch (6.35 mm) thickness is what is needed to provide 50
years of corrosion protection. The carbon steel layer is part of the structural shell, and the one inch
(25.4 mm) thickness is required design thickness for the bottom of the shell wall. Table 4.7 shows
the required design thicknesses of Kaowool insulation at various fluxes.

Table 4.7: Required Side Kaowool Insulation Thicknesses in Inches of the 565°C Cylindrical MS Tank at
Various Fluxes and Air Temperatures (Highlighted Values are for the Las Vegas Case Design)
Air Temperature
0°C (32°F)
-10°C (14°F)
-20°C (-4°F)
-30°C (-22°F)
-40°C (-40°F)

250 W/m2
10.669
10.858
11.047
11.236
11.425

240 W/m2
11.114
11.311
11.508
11.704
11.901

225 W/m2
11.855
12.065
12.275
12.485
12.695

200 W/m2
13.338
13.574
13.811
14.047
14.283

150 W/m2
17.787
18.102
18.417
18.732
19.047

Based on these values in Table 4.7, a new set of design values are determined by rounding
up to the nearest inch. These values are shown in Table 4.8. For the Las Vegas Case Design, a
250 W/m2 design requires an insulation thickness 10.858 inches (276 mm). At 240 W/m2, the
required thickness is 11.311 inches (287 mm). At 225 W/m2, the required thickness is 12.065
inches (306 mm). At 200 W/m2, the required thickness is 13.574 inches (345 mm). Finally, at
150 W/m2, the required thickness is 18.102 inches (460 mm).

Table 4.8: Design Side Kaowool Insulation Thicknesses in Inches of the 565°C Cylindrical MS Tank at
Various Fluxes and Air Temperatures (Highlighted Values are for the Las Vegas Case Design)
Air Temperature
0°C (32°F)
-10°C (14°F)
-20°C (-4°F)
-30°C (-22°F)
-40°C (-40°F)

250 W/m2
11
11
12
12
12

240 W/m2
12
12
12
12
12

225 W/m2
12
13
13
13
13
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200 W/m2
14
14
14
15
15

150 W/m2
18
19
19
19
20

Based on these design values in Table 4.8, the Las Vegas Case Design at a flux of 250
W/m2 has an insulation thickness 11 inches (279 mm). At 240 W/m2, the final insulation thickness
is 12 inches (305 mm). At 225 W/m2, the final insulation thickness is 13 inches (330 mm). At
200 W/m2, the final insulation thickness is 14 inches (356 mm). Finally, at 150 W/m2, the final
insulation thickness is 19 inches (483 mm).
The last step was to determine the required thickness of Kaowool insulation for the roof of
the 565°C Cylindrical MS Storage Tank. Based on earlier calculations, it was determined that 1.5
inches (38.1 mm) of carbon steel be used as the thickness of the roof shell. Table 4.9 details the
required Kaowool thicknesses for the tank roof.

Table 4.9: Required Roof Kaowool Insulation Thicknesses in Inches of the 565°C Cylindrical MS Tank at
Various Fluxes and Air Temperatures (Highlighted Values are for the Las Vegas Case Design)
Air Temperature
0°C (32°F)
-10°C (14°F)
-20°C (-4°F)
-30°C (-22°F)
-40°C (-40°F)

250 W/m2
8.831
9.020
9.029
9.398
9.587

240 W/m2
9.257
9.454
9.651
9.848
10.045

225 W/m2
9.969
10.179
10.389
10.599
10.809

200 W/m2
11.395
11.631
11.868
12.104
12.340

150 W/m2
15.699
16.014
16.329
16.644
16.959

Based on these values in Table 4.9, a new set of design values are determined by rounding
up to the nearest inch. These values are shown in Table 4.10. For the Las Vegas Case Design, a
250 W/m2 design requires an insulation thickness 9.020 inches (229 mm). At 240 W/m2, the
required thickness is 9.454 inches (240 mm). At 225 W/m2, the required thickness is 10.179 inches
(259 mm). At 200 W/m2, the required thickness is 11.631 inches (295 mm). Finally, at 150 W/m2,
the required thickness is 16.014 inches (407 mm).
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Table 4.10: Design Roof Kaowool Insulation Thicknesses in Inches of the 565°C Cylindrical MS Tank at
Various Fluxes and Air Temperatures (Highlighted Values are for the Las Vegas Case Design)
Air Temperature
0°C (32°F)
-10°C (14°F)
-20°C (-4°F)
-30°C (-22°F)
-40°C (-40°F)

250 W/m2
9
10
10
10
10

240 W/m2
10
10
10
10
11

225 W/m2
10
11
11
11
11

200 W/m2
12
12
12
13
13

150 W/m2
16
17
17
17
17

Based on these design values in Table 4.10, the Las Vegas Case Design at a flux of 250
W/m2 has an insulation thickness 10 inches (254 mm). At 240 W/m2, the final insulation thickness
is also 10 inches (254 mm). At 225 W/m2, the final insulation thickness is 11 inches (279 mm).
At 200 W/m2, the final insulation thickness is 12 inches (305 mm). Finally, at 150 W/m2, the final
insulation thickness is 17 inches (432 mm).

4.3.2

Heat Transfer Analysis of 565˚C Cylindrical MS Storage Tank
In addition to performing insulation designs based on an initial heat transfer analysis, a

final heat transfer analysis was performed on the 565˚C Cylindrical MS Storage Tank using the
Las Vegas Case Design insulation thicknesses, which is provide in full in Appendix I. Table 4.11
details the average heat flux through the ground and bottom of the tank over the 50 year lifespan
of the tank.

Table 4.11: Average Ground Fluxes of the 565°C Cylindrical MS Tank at Various Fluxes and Air
Temperatures Over 50 Year Lifespan
Nominal Max Flux
Ground Flux (W/m2)

250 W/m2
1.947

240 W/m2
1.961

225 W/m2
1.831

200 W/m2
1.616

150 W/m2
1.782

Based on Table 4.11, the 250 Watt per square meter (W/m2) design had an average ground
flux of 1.947 W/m2, the 240 W/m2 had an average ground flux of 1.961 W/m2, the 225 W/m2 had
an average ground flux of 1.831 W/m2, the 200 W/m2 had am average ground flux of 1.616 W/m2,
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and the 150 W/m2 had an average ground flux of 1.782 W/m2. Table 4.12 details the average roof
heat fluxes at various maximum fluxes and air temperatures.

Table 4.12: Average Roof Fluxes (W/m2) of the 565°C Cylindrical MS Tank at Various Fluxes and Air
Temperatures Using Las Vegas Case Design (Highlighted Values are for the Las Vegas Case Design)
Air Temperature
-10°C (14°F)
0°C (32°F)
10°C (50°F)
20°C (68°F)
30°C (86°F)
40°C (104°F)
50°C (122°F)

250 W/m2
227.686
223.562
219.441
215.323
211.207
207.093
202.983

240 W/m2
227.686
223.562
219.441
215.323
211.207
207.093
202.983

225 W/m2
209.421
205.638
201.857
198.078
194.302
190.527
186.755

200 W/m2
193.904
190.409
186.915
183.424
179.934
176.446
172.961

150 W/m2
141.690
139.155
136.621
134.089
131.557
129.027
126.498

Based on Table 4.12, the 250 Watt per square meter (W/m2) design had an average roof
flux of 227.686 W/m2, the 240 W/m2 had an average roof flux of 227.686 W/m2, the 225 W/m2
had an average roof flux of 209.421 W/m2, the 200 W/m2 had an average roof flux of 193.904
W/m2, and the 150 W/m2 had an average roof flux of 141.690 W/m2. Table 4.13 details the average
side heat fluxes at various maximum fluxes and air temperatures.

Table 4.13: Average Side Fluxes (W/m2) of the 565°C Cylindrical MS Tank at Various Fluxes and Air
Temperatures Using Las Vegas Case Design (Highlighted Values are for the Las Vegas Case Design)
Air Temperature
-10°C (14°F)
0°C (32°F)
10°C (50°F)
20°C (68°F)
30°C (86°F)
40°C (104°F)
50°C (122°F)

250 W/m2
200.607
196.984
193.364
189.746
186.129
182.515
178.904

240 W/m2
186.315
182.958
179.603
176.249
172.898
169.548
166.200

225 W/m2
173.950
170.822
167.695
164.570
161.446
158.324
155.204

200 W/m2
163.143
160.214
157.287
154.360
151.435
148.512
145.590

150 W/m2
124.609
122.385
120.163
117.941
115.720
113.500
111.282

Based on Table 4.13, the 250 Watt per square meter (W/m2) design had an average side
flux of 200.607 W/m2, the 240 W/m2 had an average side flux of 186.315 W/m2, the 225 W/m2
had an average side flux of 173.950 W/m2, the 200 W/m2 had an average side flux of 163.143

105

W/m2, and the 150 W/m2 had an average side flux of 124.609 W/m2. Table 4.14 details the average
total heat losses at various maximum fluxes and air temperatures.

Table 4.14: Average Total Heat Losses (kW) of the 565°C Cylindrical MS Tank at Various Fluxes and Air
Temperatures Over 50 Year Lifespan Using Las Vegas Case Design (Highlighted Values are for the Las
Vegas Case Design)
Air Temperature
-10°C (14°F)
0°C (32°F)
10°C (50°F)
20°C (68°F)
30°C (86°F)
40°C (104°F)
50°C (122°F)

250 W/m2
1,691.246
1,669.170
1,647.106
1,625.055
1,603.018
1,580.994
1,558.983

240 W/m2
1,617.317
1,595.284
1,574.262
1,553.253
1,532.255
1,511.270
1,490.297

225 W/m2
1,504.734
1,485.248
1,465.771
1,446.305
1,426.850
1,407.405
1,387.972

200 W/m2
1,385.718
1,367.563
1,349.417
1,331.280
1,313.152
1,295.034
1,276.925

150 W/m2
1,041.179
1,027.626
1,014.077
1,000.533
986.996
973.463
959.937

Based on Table 4.14, the 250 Watt per square meter (W/m2) design had an average total
heat loss of 1,691.246 kW, the 240 W/m2 had an average total heat loss of 1,617.317 kW, the 225
W/m2 had an average total heat loss of 1,504.734 kW, the 200 W/m2 had an average total heat loss
of 1,385.718 kW, and the 150 W/m2 had an average total heat loss of 1,041.179 kW. Table 4.15
details the convection properties at one foot intervals along the side of the wall for the 250 W/m2
Las Vegas Case Design.

Table 4.15: Convection Heat Transfer Analysis Results of the 565°C Cylindrical MS Tank at 1’ Intervals
with Maximum Heat Flux at 250 W/m2 and -10°C Air Temperature (Las Vegas Case Study)
Interval (ft)
0
1
2
3
4
5
6
7
8
9
10
11

Flux (W/m2)
246.774
218.381
214.611
212.208
210.411
208.961
207.741
206.683
205.748
204.908
204.144
203.444

Convection (W/m2-K)

3.301
2.864
2.635
2.483
2.372
2.284
2.213
2.152
2.101
2.055
2.015
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Nusselt No.
0
41.319
71.694
98.944
124.340
148.439
171.550
193.870
215.534
236.639
257.260
277.455

Grashof No.
0
1.800×108
1.631×109
5.915×109
1.475×1010
2.996×1010
5.344×1010
8.716×1010
1.331×1011
1.934×1011
2.702×1011
3.656×1011

Rayleigh No.
0
1.296×108
1.174×109
4.259×109
1.062×1010
2.157×1010
3.848×1010
6.275×1010
9.856×1010
1.393×1011
1.945×1011
2.632×1011

Interval (ft)
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Flux (W/m2)
202.796
202.193
201.628
201.098
200.597
200.123
199.672
199.242
198.831
198.431
198.061
197.698
197.348
197.012
196.686
196.372
196.067
195.772
195.485
195.206
194.936
194.672
194.416
194.166
193.922
193.684
193.451
193.224
193.002
192.785
192.572

Convection (W/m2-K)
1.979
1.946
1.917
1.890
1.864
1.841
1.819
1.799
1.780
1.762
1.745
1.729
1.714
1.699
1.685
1.672
1.659
1.647
1.636
1.625
1.614
1.604
1.594
1.584
1.575
1.566
1.557
1.549
1.540
1.532
1.525

Nusselt No.
297.270
316.742
335.903
354.779
373.394
391.767
409.915
427.852
445.593
463.149
480.530
497.745
514.805
531.715
548.484
565.119
581.624
598.005
614.268
630.418
646.458
662.393
678.226
693.962
709.603
725.153
740.615
755.991
771.284
786.497
801.632

Grashof No.
4.817×1011
6.208×1011
7.852×1011
9.771×1011
1.199×1012
1.453×1012
1.741×1012
2.066×1012
2.431×1012
2.837×1012
3.288×1012
3.785×1012
4.331×1012
4.928×1012
5.580×1012
6.288×1012
7.055×1012
7.884×1012
8.777×1012
9.737×1012
1.077×1013
1.187×1013
1.304×1013
1.430×1013
1.563×1013
1.705×1013
1.855×1013
2.013×1013
2.181×1013
2.359×1013
2.545×1013

Rayleigh No.
3.468×1011
4.470×1011
5.653×1011
7.035×1011
8.632×1011
1.046×1012
1.254×1012
1.488×1012
1.750×1012
2.043×1012
2.367×1012
2.725×1012
3.118×1012
3.548×1012
4.018×1012
4.527×1012
5.080×1012
5.677×1012
6.320×1012
7.011×1012
7.752×1012
8.545×1012
9.391×1012
1.029×1013
1.125×1013
1.227×1013
1.335×1013
1.450×1013
1.571×1013
1.698×1013
1.833×1013

At the bottom of the wall, the inner and outer boundaries of the convection bubble
converge, which results the rate of convection (݄) being infinite while the Nusselt, Grashof, and
Rayleigh numbers are all zero due to the fact that the height is zero. As such, the heat flux at this
height is solely based on the conduction through the insulation layers, resulting is a heat flux of
246.774 W/m2. At the top of the wall, the rate of convection (݄) is 1.525 W/m2-K while the Nusselt
number is 801.632, the Grashof number is 2.545×1013, and the Rayleigh number is 1.833×1013.
The heat flux at top is achieved through equilibrium between the conduction through the insulation
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layers and the outer convection, resulting is a heat flux of 192.572 W/m2. Shown in Figure 4.6 is
the temperature profile for the ground insulation of the 565˚C Cylindrical MS Storage Tank.
Based on Figure 4.6, the maximum temperature of the stainless steel is 565˚C, which is the
same at the molten salt. The temperature at the intersection of the stainless steel and above ground
layer of sand is 564.963˚C. The temperature at the intersection of the above ground layer of sand
and firebrick insulation is 533.213˚C.

The temperature at the intersection of the firebrick

insulation and carbon steel is 90.637˚C. Lastly, the minimum temperature of the carbon steel,
which is in contact with the ground below, is 90.240˚C.
Figure 4.7 shows the temperature profile below the ground over time elapsed and depth
below the ground for the 565˚C Cylindrical MS Storage Tank. For the entire lifespan, it is expected
that the temperature at the top of the ground soil layer that the temperature will be 90.240˚C, which
is the same temperature as the minimum temperature of the carbon steel at the bottom of the tank.
After five years, it is expected that the soil returns to its permanent temperature of 15˚C at a depth
of 116 feet (35.357 meters). After 10 years, it is expected that the soil returns to its permanent
temperature at a depth of 164 feet (49.987 meters). After 25 years, it is expected that the soil
returns to its permanent temperature at a depth of 258 feet (78.638 meters). Finally, after 50 years,
it is expected that the soil returns to its permanent temperature at a depth of 365 feet (111.252
meters). Figure 4.8 shows the temperature profiles for the elliptical roof of the 565˚C Cylindrical
MS Storage Tank.

108

Figure 4.6: 565˚C Cylindrical MS Storage Tank Ground Insulation Temperature Profile
Red is Stainless Steel | Green is Above Ground Soil | Orange is Firebrick | Blue is Carbon Steel
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Figure 4.7: 565˚C Cylindrical MS Storage Tank Below Ground Soil Temperature Profile Based on Soil
Depth and Time Elapsed (Orange is 5 Years, Red is 10 Years, Green is 25 Years, and Blue is 50 Years)
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Figure 4.8: 700˚C Cylindrical MS Storage Tank Roof Temperature Profiles
Clean Dash is the Top of Extended Wall | Varied Dash is the Bottom of Extended Wall
Solid Line is the Flat Plate Section | Red is Ceramic Insulation | Blue is Carbon Steel

Based on Figure 4.8, the inner carbon steel layer is at the bottom of the extended side wall
is 565°C and 522.065°C at the top of the extended side wall and the flat plate section. The
temperature at the intersection of the carbon steel and ceramic insulation is 564.670°C at the
bottom of the extended side wall, 521.761°C at the top of the extended side wall, and 521.702°C
in the flat plate section. The outer temperature of ceramic insulation is 124.342°C at the bottom
of the extended side wall, 116.155°C at the top of the extended side wall, and 38.000°C in the flat
plate section. Shown in Figure 4.9 is the temperature profile along the side wall of the 565˚C
Cylindrical MS Storage Tank.

111

Figure 4.9: 565˚C Cylindrical MS Storage Tank Side Wall Temperature Profile by Height
Yellow is Ambient Temperature | Blue is Outer Edge of Insulation | Orange is Outer Edge of Carbon Steel
Green is Outer Edge of Stainless Steel | Red is the Molten Salt

Based on Figure 4.9, the yellow line is the ambient temperature outside (ܶ௨௧ ) the
convection bubble, with the blue curve representing the temperature (ܶଷ ) at the inside boundary of
the convection bubble along the outer edge of the ceramic insulation. The orange, blue, and red
curves represent the temperatures at the outer edge of the carbon steel (ܶଶ ), the intersection of the
carbon and stainless steels (ܶଵ ), and the inner edge of the stainless steel (ܶ௦ ) respectively, with
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the inner edge of stainless steel being in contact with the molten salt. These curves are virtually
identical due to the thermally permissive nature of steel. Based on these curves, the ambient
temperature (ܶ௨௧ ) and the molten salt temperature (ܶ௦ ) are constant for the entire height of the
side wall, with temperatures of -10°C and 565°C respectively for this model. At the bottom of the
side wall, ܶଷ is -10°C, which is the same as the ambient temperature, while ܶଶ is 564.572°C and
ܶଵ is 564.964°C. At the top of the side wall, ܶଷ is 116.294°C while ܶଶ is 564.666°C and ܶଵ is
564.972°C.

4.4

INITIAL HEAT TRANSFER FOR 700°C CYLINDRICAL MS STORAGE TANK

4.4.1

Thermal Insulation Design Results of 700˚C Cylindrical MS Storage Tank
The first set of design values that were determined were for the bottom insulation of the

700°C Cylindrical MS Storage Tank, which is provided in full in Appendix J. Table 4.16 details
the steel thicknesses used in calculating the thickness of firebrick insulation.

Table 4.16: Bottom Steel Thicknesses of the 700°C Cylindrical MS Tank
Material
Stainless Steel
Carbon Steel

Thickness (Inches)
0.25
1.00

The stainless steel layer is used as a corrosion protection layer to protect the other insulating
layers, and the 0.25 inch (6.35 mm) thickness is what is needed to provide 50 years of corrosion
protection. The carbon steel layer is part of the structural shell, and the one inch (25.4 mm)
thickness for the bottom plate matches the required design thickness for the bottom of the shell
wall that connects to the plate. In addition, two inches (50.8 mm) of sand that is used to provide
for free thermal expansion of the stainless steel also provides some insulation. Table 4.17 shows
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the required design thicknesses and the final design thicknesses of firebrick insulation at various
fluxes.

Table 4.17: Bottom Firebrick Insulation Thicknesses of the 700°C Cylindrical MS Tank at Various Fluxes
Thickness (Inches)
Required Thickness
Design Thickness

250 W/m2
29.909
30

240 W/m2
31.225
32

225 W/m2
33.419
34

200 W/m2
37.805
38

150 W/m2
50.964
51

Based on Table 4.17, it is apparent that the thicknesses increase as the fluxes decrease. For
the 250 W/m2 design, 29.909 inches (760 mm) of ground firebrick insulation is required for the
design. At 240 W/m2, 31.225 inches (793 mm) of ground firebrick insulation is required. At 225
W/m2, 33.419 inches (849 mm) of ground firebrick insulation is required. At 200 W/m2, 37.805
inches (960 mm) of ground firebrick insulation is required. At 150 W/m2, 50.964 inches (1.294
m) of ground firebrick insulation is required.
Based on Table 4.17, the used thickness of ground firebrick insulation for the 250 W/m2
design is 30 inches (762 mm). At 240 W/m2, 32 inches (813 mm) of ground firebrick insulation
is used. At 225 W/m2, 34 inches (864 mm) of ground firebrick insulation is used. At 200 W/m2,
38 inches (965 mm) of ground firebrick insulation is used. At 150 W/m2, 51 inches (1.295 m) of
ground firebrick insulation is used.
The next step is to determine the side insulation values for the 700°C Cylindrical MS
Storage Tank. Table 4.18 details the steel thicknesses used in calculating the thickness of firebrick
insulation.
Table 4.18: Side Steel Thicknesses of the 700°C Cylindrical MS Tank
Material
Stainless Steel
Maximum Carbon Steel
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Thickness (Inches)
0.25
1.00

As stated earlier, the stainless steel layer is used as a corrosion protection layer to protect
the other insulating layers, and the 0.25 inch (6.35 mm) thickness is what is needed to provide 50
years of corrosion protection. The carbon steel layer is part of the structural shell, and the one inch
(25.4 mm) thickness is required design thickness for the bottom of the shell wall. Table 4.19 shows
the required design thicknesses of Kaowool insulation at various fluxes. Table 4.20 shows the
required design thicknesses of firebrick insulation.

Table 4.19: Required Side Kaowool Insulation Thicknesses in Inches of the 700°C Cylindrical MS Tank at
Various Fluxes and Air Temperatures (Highlighted Values are for the Las Vegas Case Design)
Air Temperature
0°C (32°F)
-10°C (14°F)
-20°C (-4°F)
-30°C (-22°F)
-40°C (-40°F)

250 W/m2
9.827
9.975
10.123
10.271
10.420

240 W/m2
10.259
10.413
10.568
10.722
10.877

225 W/m2
10.980
11.144
11.309
11.474
11.639

200 W/m2
12.422
12.607
12.793
12.978
13.164

150 W/m2
16.754
17.002
17.250
17.497
17.745

Table 4.20: Required Side Firebrick Insulation Thicknesses in Inches of the 700°C Cylindrical MS Tank at
Various Fluxes and Air Temperatures (Highlighted Values are for the Las Vegas Case Design)
Air Temperature
0°C (32°F)
-10°C (14°F)
-20°C (-4°F)
-30°C (-22°F)
-40°C (-40°F)

250 W/m2
9.332
9.444
9.556
9.668
9.780

240 W/m2
9.659
9.776
9.892
10.009
10.126

225 W/m2
10.203
10.328
10.452
10.576
10.700

200 W/m2
11.290
11.429
11.569
11.708
11.847

150 W/m2
14.533
14.718
14.903
15.088
15.272

Based on these values in Table 4.19 and Table 4.20, respectively, a new set of design values
are determined by rounding up to the nearest inch. These values are shown in Table 4.19 and
Table 4.20, respectively. For the Las Vegas Case Design, a 250 W/m2 design requires a side
thickness of Kaowool insulation of 9.975 inches (253 mm). At 240 W/m2, the required thickness
is 10.413 inches (264 mm). At 225 W/m2, the required thickness is 11.144 inches (283 mm). At
200 W/m2, the required thickness is 12.607 inches (320 mm). Finally, at 150 W/m2, the required
thickness is 17.002 inches (432 mm).
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As with the side firebrick insulation, the Las Vegas Case Design requires 9.444 inches (240
mm) of firebrick with a 250 W/m2. At 240 W/m2, the required thickness is 9.776 inches (248 mm).
At 225 W/m2, the required thickness is 10.328 inches (262 mm). At 200 W/m2, the required
thickness is 11.429 inches (290 mm). Finally, at 150 W/m2, the required thickness is 14.178 inches
(360 mm).

Table 4.21: Design Side Kaowool Insulation Thicknesses in Inches of the 700°C Cylindrical MS Tank at
Various Fluxes and Air Temperatures (Highlighted Values are for the Las Vegas Case Design)
Air Temperature
0°C (32°F)
-10°C (14°F)
-20°C (-4°F)
-30°C (-22°F)
-40°C (-40°F)

250 W/m2
10
10
11
11
11

240 W/m2
11
11
11
11
11

225 W/m2
11
12
12
12
12

200 W/m2
13
13
13
13
14

150 W/m2
17
18
18
18
18

Table 4.22: Design Side Firebrick Insulation Thicknesses in Inches of the 700°C Cylindrical MS Tank at
Various Fluxes and Air Temperatures (Highlighted Values are for the Las Vegas Case Design)
Air Temperature
0°C (32°F)
-10°C (14°F)
-20°C (-4°F)
-30°C (-22°F)
-40°C (-40°F)

250 W/m2
10
10
10
10
10

240 W/m2
10
10
10
11
11

225 W/m2
11
11
11
11
11

200 W/m2
12
12
12
12
12

150 W/m2
15
15
15
16
16

Based on these design values in Table 4.21, the Las Vegas Case Design at a flux of 250
W/m2 has an insulation thickness 10 inches (254 mm). At 240 W/m2, the final insulation thickness
is 11 inches (279 mm). At 225 W/m2, the final insulation thickness is 12 inches (305 mm). At
200 W/m2, the final insulation thickness is 13 inches (330 mm). Finally, at 150 W/m2, the final
insulation thickness is 18 inches (457 mm).
Based on these design values in Table 4.22, the Las Vegas Case Design at a flux of 250
W/m2 has an insulation thickness 10 inches (254 mm). At 240 W/m2, the final insulation thickness
is 10 inches (254 mm). At 225 W/m2, the final insulation thickness is 11 inches (279 mm). At
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200 W/m2, the final insulation thickness is 12 inches (305 mm). Finally, at 150 W/m2, the final
insulation thickness is 15 inches (318 mm).
The last step was to determine the required thickness of Kaowool insulation for the roof of
the 700°C Cylindrical MS Storage Tank. Based on earlier calculations, it was determined that 1.5
inches (38.1 mm) of carbon steel be used as the thickness of the roof shell. Table 4.213 details the
required Kaowool thicknesses for the tank roof.

Table 4.23: Required Roof Kaowool Insulation Thicknesses in Inches of the 700°C Cylindrical MS Tank at
Various Fluxes and Air Temperatures (Highlighted Values are for the Las Vegas Case Design)
Air Temperature
0°C (32°F)
-10°C (14°F)
-20°C (-4°F)
-30°C (-22°F)
-40°C (-40°F)

250 W/m2
11.383
11.572
11.761
11.950
12.139

240 W/m2
11.915
12.112
12.309
12.505
12.702

225 W/m2
12.803
13.013
13.223
13.433
13.643

200 W/m2
14.584
14.820
15.057
15.293
15.529

150 W/m2
19.951
20.266
20.581
20.896
21.211

Based on these values in Table 4.23, a new set of design values are determined by rounding
up to the nearest inch. These values are shown in Table 4.24. For the Las Vegas Case Design, a
250 W/m2 design requires an insulation thickness 11.572 inches (294 mm). At 240 W/m2, the
required thickness is 12.112 inches (308 mm). At 225 W/m2, the required thickness is 13.013
inches (331 mm). At 200 W/m2, the required thickness is 14.820 inches (376 mm). Finally, at
150 W/m2, the required thickness is 20.266 inches (515 mm).

Table 4.24: Design Roof Kaowool Insulation Thicknesses in Inches of the 700°C Cylindrical MS Tank at
Various Fluxes and Air Temperatures (Highlighted Values are for the Las Vegas Case Design)
Air Temperature
0°C (32°F)
-10°C (14°F)
-20°C (-4°F)
-30°C (-22°F)
-40°C (-40°F)

250 W/m2
12
12
12
12
13

240 W/m2
12
13
13
13
13

225 W/m2
13
14
14
14
14
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200 W/m2
15
15
16
16
16

150 W/m2
20
21
21
21
22

Based on these design values in Table 4.24, the Las Vegas Case Design at a flux of 250
W/m2 has an insulation thickness 12 inches (305 mm). At 240 W/m2, the final insulation thickness
is 13 inches (330 mm). At 225 W/m2, the final insulation thickness is 14 inches (356 mm). At
200 W/m2, the final insulation thickness is 15 inches (381 mm). Finally, at 150 W/m2, the final
insulation thickness is 21 inches (533 mm).

4.4.2

Heat Transfer Analysis of 700˚C Cylindrical MS Storage Tank
In addition to performing insulation designs based on an initial heat transfer analysis, a

final heat transfer analysis was performed on the 700˚C Cylindrical MS Storage Tank using the
Las Vegas Case Design insulation thicknesses, which is provided in full in Appendix K. Table
4.25 details the average heat flux through the ground and bottom of the tank over the 50 year
lifespan of the tank.

Table 4.25: Average Ground Fluxes of the 700°C Cylindrical MS Tank at Various Fluxes and Air
Temperatures Over 50 Year Lifespan
Nominal Max Flux
Ground Flux (W/m2)

250 W/m2
1.955

240 W/m2
1.630

225 W/m2
1.740

200 W/m2
1.922

150 W/m2
1.989

Based on Table 4.25, the 250 Watt per square meter (W/m2) design had an average
ground flux of 1.955 W/m2, the 240 W/m2 had an average ground flux of 1.630 W/m2, the 225
W/m2 had an average ground flux of 1.740 W/m2, the 200 W/m2 had an average ground flux of
1.922 W/m2, and the 150 W/m2 had an average ground flux of 1.989 W/m2. Table 4.26 details the
average roof heat fluxes at various maximum fluxes and air temperatures.
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Table 4.26: Average Roof Fluxes (W/m2) of the 700°C Cylindrical MS Tank at Various Fluxes and Air
Temperatures Using Las Vegas Case Design (Highlighted Values are for the Las Vegas Case Design)
Air Temperature
-10°C (14°F)
0°C (32°F)
10°C (50°F)
20°C (68°F)
30°C (86°F)
40°C (104°F)
50°C (122°F)

250 W/m2
241.273
237.757
234.242
230.728
227.216
223.705
220.196

240 W/m2
224.568
221.301
218.035
214.770
211.507
208.245
204.985

225 W/m2
210.050
206.999
203.949
200.900
197.853
194.806
191.761

200 W/m2
197.313
194.451
191.591
188.731
185.872
183.014
180.157

150 W/m2
144.836
142.749
140.661
138.575
136.489
134.403
132.318

Based on Table 4.26, the 250 Watt per square meter (W/m2) design had an average roof
flux of 241.273 W/m2, the 240 W/m2 had an average roof flux of 224.568 W/m2, the 225 W/m2
had an average roof flux of 210.050 W/m2, the 200 W/m2 had an average roof flux of 197.313
W/m2, and the 150 W/m2 had an average roof flux of 144.836 W/m2. Table 4.27 details the average
side heat fluxes at various maximum fluxes and air temperatures.
Table 4.27: Average Side Fluxes (W/m2) of the 700°C Cylindrical MS Tank at Various Fluxes and Air
Temperatures Using Las Vegas Case Design (Highlighted Values are for the Las Vegas Case Design)
Air Temperature
-10°C (14°F)
0°C (32°F)
10°C (50°F)
20°C (68°F)
30°C (86°F)
40°C (104°F)
50°C (122°F)

250 W/m2
207.522
204.506
201.491
198.478
195.465
192.454
189.444

240 W/m2
195.067
192.236
189.407
186.578
183.751
180.925
178.099

225 W/m2
180.334
177.722
175.111
172.501
169.892
167.283
164.676

200 W/m2
167.692
165.267
162.843
160.419
157.997
155.575
153.154

150 W/m2
127.818
125.979
124.141
122.303
120.465
118.628
116.792

Based on Table 4.27, the 250 Watt per square meter (W/m2) design had an average side
flux of 207.522 W/m2, the 240 W/m2 had an average side flux of 195.067 W/m2, the 225 W/m2
had an average side flux of 180.334 W/m2, the 200 W/m2 had an average side flux of 167.692
W/m2, and the 150 W/m2 had an average side flux of 127.818 W/m2. Table 4.28 details the average
total heat losses at various maximum fluxes and air temperatures.
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Table 4.28: Average Total Heat Losses (kW) of the 700°C Cylindrical MS Tank at Various Fluxes and Air
Temperatures Over 50 Year Lifespan Using Las Vegas Case Design (Highlighted Values are for the Las
Vegas Case Design)
Air Temperature
-10°C (14°F)
0°C (32°F)
10°C (50°F)
20°C (68°F)
30°C (86°F)
40°C (104°F)
50°C (122°F)

250 W/m2
2,014.078
1,991.934
1,969.798
1,947.671
1,925.553
1,903.444
1,881.343

240 W/m2
1,898.449
1,877.732
1,857.023
1,836.322
1,815.628
1,794.942
1,774.265

225 W/m2
1,766.131
1,746.943
1,727.761
1,708.586
1,689.418
1,670.256
1,651.102

200 W/m2
1,628.280
1,610.407
1,592.540
1,574.679
1,556.824
1,538.975
1,521.132

150 W/m2
1,225.419
1,212.031
1,198.647
1,185.266
1,171.888
1,158.514
1,145.144

Based on Table 4.28, the 250 Watt per square meter (W/m2) design had an average total
heat loss of 2,014.078 kW, the 240 W/m2 had an average total heat loss of 1,898.449 kW, the 225
W/m2 had an average total heat loss of 1,766.131 kW, the 200 W/m2 had an average total heat loss
of 1,628.280 kW, and the 150 W/m2 had an average total heat loss of 1,225.419 kW. Table 4.29
details the convection properties at one foot intervals along the side of the wall for the 250 W/m2
Las Vegas Case Design.

Table 4.29: Convection Heat Transfer Analysis Results of the 700°C Cylindrical MS Tank at 1’ Intervals
with Maximum Heat Flux at 250 W/m2 and -10°C Air Temperature (Las Vegas Case Study)
Interval (ft)
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Flux (W/m2)
245.836
222.578
219.424
217.404
215.889
214.665
213.633
212.736
211.942
211.228
210.579
209.982
209.430
208.915
208.433
207.980
207.551
207.145

Convection (W/m2-K)

3.313
2.876
2.648
2.496
2.384
2.297
2.225
2.165
2.113
2.068
2.028
1.992
1.959
1.930
1.902
1.877
1.854

120

Nusselt No.
0
41.476
72.012
99.423
124.979
149.238
172.510
194.990
216.813
238.078
258.859
279.212
299.185
318.816
338.135
357.170
375.942
394.473

Grashof No.
0
1.827×108
1.660×109
6.031×109
1.506×1010
3.061×1010
5.465×1010
8.920×1010
1.363×1011
1.982×1011
2.770×1011
3.749×1011
4.943×1011
6.373×1011
8.063×1011
1.004×1012
1.232×1012
1.493×1012

Rayleigh No.
0
1.316×108
1.195×109
4.342×109
1.084×1010
2.204×1010
3.935×1010
6.422×1010
9.816×1010
1.427×1011
1.994×1011
2.699×1011
3.559×1011
4.588×1011
5.806×1011
7.227×1011
8.870×1011
1.075×1012

Interval (ft)
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Flux (W/m2)
206.759
206.391
206.039
205.701
205.377
205.066
204.766
204.476
204.196
203.925
203.663
203.409
203.162
202.922
202.688
202.461
202.240
202.024
201.813
201.607
201.406
201.210
201.018
200.830
200.646

Convection (W/m2-K)
1.832
1.812
1.793
1.775
1.758
1.742
1.726
1.712
1.698
1.685
1.672
1.660
1.648
1.637
1.626
1.616
1.606
1.597
1.587
1.578
1.570
1.561
1.553
1.545
1.537

Nusselt No.
412.778
430.873
448.771
466.483
484.021
501.393
518.609
535.676
552.601
569.391
586.052
602.589
619.008
635.313
651.508
667.598
683.587
699.477
715.274
730.978
746.594
762.125
777.573
792.940
808.228

Grashof No.
1.790×1012
2.126×1012
2.501×1012
2.920×1012
3.385×1012
3.897×1012
4.461×1012
5.077×1012
5.750×1012
6.481×1012
7.273×1012
8.130×1012
9.052×1012
1.004×1013
1.111×1013
1.225×1013
1.346×1013
1.476×1013
1.614×1013
1.760×1013
1.915×1013
2.080×1013
2.254×1013
2.437×1013
2.630×1013

Rayleigh No.
1.289×1012
1.530×1012
1.801×1012
2.103×1012
2.437×1012
2.806×1012
3.212×1012
3.656×1012
4.140×1012
4.666×1012
5.237×1012
5.853×1012
6.518×1012
7.232×1012
7.998×1012
8.817×1012
9.693×1012
1.063×1013
1.162×1013
1.267×1013
1.379×1013
1.497×1013
1.623×1013
1.755×1013
1.894×1013

At the bottom of the wall, the inner and outer boundaries of the convection bubble
converge, which results the rate of convection (݄) being infinite while the Nusselt, Grashof, and
Rayleigh numbers are all zero due to the fact that the height is zero. As such, the heat flux at this
height is solely based on the conduction through the insulation layers, resulting is a heat flux of
245.836 W/m2. At the top of the wall, the rate of convection (݄) is 1.537 W/m2-K while the Nusselt
number is 808.228, the Grashof number is 2.630×1013, and the Rayleigh number is 1.894×1013.
The heat flux at top is achieved through equilibrium between the conduction through the insulation
layers and the outer convection, resulting is a heat flux of 200.646 W/m2.
Shown in Figure 4.10 is the temperature profile for the ground insulation of the 700˚C
Cylindrical MS Storage Tank. Based on Figure 4.12, the maximum temperature of the stainless
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steel is 700˚C, which is the same at the molten salt. The temperature at the intersection of the
stainless steel and above ground layer of sand is 699.963˚C. The temperature at the intersection
of the above ground layer of sand and firebrick insulation is 668.213˚C. The temperature at the
intersection of the firebrick insulation and carbon steel is 90.940˚C. Lastly, the minimum
temperature of the carbon steel, which is in contact with the ground below, is 90.543˚C.
Figure 4.11 shows the temperature profile below the ground over time elapsed and depth
below the ground for the 700˚C Cylindrical MS Storage Tank. For the entire lifespan, it is expected
that the temperature at the top of the ground soil layer that the temperature will be 90.543˚C, which
is the same temperature as the minimum temperature of the carbon steel at the bottom of the tank.
After five years, it is expected that the soil returns to its permanent temperature of 15˚C at a depth
of 116 feet (35.357 meters). After 10 years, it is expected that the soil returns to its permanent
temperature at a depth of 164 feet (49.987 meters). After 25 years, it is expected that the soil
returns to its permanent temperature at a depth of 258 feet (78.638 meters). Finally, after 50 years,
it is expected that the soil returns to its permanent temperature at a depth of 365 feet (111.252
meters).
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Figure 4.10: 700˚C Cylindrical MS Storage Tank Ground Insulation Temperature Profile
Red is Stainless Steel | Green is Above Ground Soil | Orange is Firebrick | Blue is Carbon Steel
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Figure 4.11: 700˚C Cylindrical MS Storage Tank Below Ground Soil Temperature Profile Based on Soil
Depth and Time Elapsed (Orange is 5 Years, Red is 10 Years, Green is 25 Years, and Blue is 50 Years)
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Figure 4.12: 700˚C Cylindrical MS Storage Tank Roof Temperature Profiles
Clean Dash is the Top of Extended Wall | Varied Dash is the Bottom of Extended Wall
Solid Line is the Flat Plate Section | Red is Ceramic Insulation | Blue is Carbon Steel

Figure 4.12 shows the temperature profile for the elliptical roof of the 565˚C Cylindrical
MS Storage Tank. Based on these figures, the inner carbon steel layer is at the bottom of the
extended side wall is 700°C and 655.179°C at the top of the extended side wall and the flat plate
section. The temperature at the intersection of the carbon steel and ceramic insulation is 699.945°C
at the bottom of the extended side wall, 654.848°C at the top of the extended side wall, and
654.795°C in the flat plate section. The outer temperature of ceramic insulation is 132.226°C at
the bottom of the extended side wall, 125.014°C at the top of the extended side wall, and 40.108°C
in the flat plate section. Shown in Figure 4.13 is the temperature profile along the side wall of the
700˚C Cylindrical MS Storage Tank.
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Figure 4.13: 700˚C Cylindrical MS Storage Tank Side Wall Temperature Profile by Height
Yellow is Ambient Temperature | Purple is Outer Edge of Insulation | Orange is Outer Edge of Firebrick
Blue is Outer Edge of Carbon Steel | Green is Outer Edge of Stainless Steel | Red is the Molten Salt

Based on Figure 4.13, the yellow line is the ambient temperature outside (ܶ௨௧ ) the
convection bubble, with the purple curve representing the temperature (ܶସ ) at the inside boundary
of the convection bubble along the outer edge of the ceramic insulation. The orange and blue
curves represent the temperatures of the carbon steel layer at the outer (ܶଷ ) and inner (ܶଶ ) edges
respectively. These curves are virtually identical due to the thermally permissive nature of steel.
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The green and red curves represent the temperatures of the stainless steel layer at the outer (ܶଵ )
and inner (ܶ௦ ) edges respectively, with the inner edge being in contact with the molten salt. These
curves are also virtually identical due to the thermally permissive nature of steel. Based on these
curves, the ambient temperature (ܶ௨௧ ) and the molten salt temperature (ܶ௦ ) are constant for the
entire height of the side wall, with temperatures of -10°C and 700°C respectively for this model.
At the bottom of the side wall, ܶସ is -10°C, which is the same as the ambient temperature, while
ܶଷ is 510.354°C, ܶଶ is 510.744°C and ܶଵ is 699.964°C. At the top of the side wall, ܶସ is 120.515°C
while ܶଷ is 545.215°C, ܶଶ is 545.534°C and ܶଵ is 699.970°C.

4.5

INITIAL HEAT TRANSFER DESIGN AND ANALYSIS FOR 565°C TRUNCATED

SPHERICAL MS STORAGE TANK
A preliminary insulation design and heat transfer analysis was performed for the 565°C
Truncated Spherical MS Storage Tank. The full design calculations are provided for in Appendix
L. The full heat transfer calculations are provided in Appendix M. Table 4.30 shows the steel
thicknesses of the tank that are used in the design and analysis.

Table 4.30: Steel Thicknesses of the 565°C Truncated Spherical MS Tank Using the 250 W/m2 Las Vegas
Case Design
Material
Maximum Side SS316 Steel
Top Encasing SS316 Steel
Remaining Encasing SS316 Steel

Thickness (inches)
2.75
1.25
1.00

Based on Table 4.30, the maximum side thickness of the SS316 stainless steel is 2.75
inches (69.9 mm). The box encasing the insulating sand is 1.25 inches (31.8 mm) thick at the top
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of the box and one inch (25.4 mm) thick for the rest of the box. Table 4.31 shows the required and
used thicknesses of the thermal insulation of the 565°C Truncated Spherical MS Storage Tank.
Table 4.31: Insulation Thicknesses in Inches of the 565°C Truncated Spherical MS Tank Using the 250 W/m2
Las Vegas Case Design
Material
Encased Insulating Sand
Side Kaowool Insulation
Roof Kaowool Insulation

Required
29.721
10.852
9.014

Used
30
11
10

Based on Table 4.31, the required thickness of the insulating sand at the bottom of the tank
is 29.721 inches (755 mm). The required thickness of the Kaowool insulation along the side is
10.852 inches (276 mm), while the required thickness on top of the roof is 9.014 inches (229 mm).
Ultimately, the used thickness of the insulating sand at the bottom of the tank is 30 inches (762
mm). Also, the used thickness of the Kaowool insulation along the side is 11 inches (279 mm),
while the used thickness on top of the roof is 10 inches (254 mm). Table 4.32 shows the average
heat flux of each section of the 565˚C Truncated Spherical MS Storage Tank.

Table 4.32: Resulting Average Heat Fluxes of the 565°C Truncated Spherical MS Tank Using the 250 W/m2
Las Vegas Case Design
Tank Section
Heat Flux (W/m2)

Bottom
1.871

Roof
228.258

Side
246.496

Based on Table 4.32, the average heat flux for the bottom of the tank is 1.871 W/m2. The
average heat flux for roof section of the tank is 228.258 W/m2. The average heat flux for side
section of the tank is 246.496 W/m2. This results in an average total heat loss of 804.219 kW.
Shown in Figure 4.14 is the temperature profile for the ground insulation of the 565˚C Truncated
Spherical MS Storage Tank.
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Figure 4.14: 565°C Truncated Spherical MS Storage Tank Ground Insulation Temperature Profile
Red is the Corrosion SS316 | Green is the Structural SS316 | Orange is the Insulating Sand | Blue is the
Bottom SS316
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Figure 4.15: 565°C Truncated Spherical MS Storage Tank Below Ground Soil Temperature Profile Based on
Soil Depth and Time Elapsed (Orange is 5 Years, Red is 10 Years, Green is 25 Years, and Blue is 50 Years)
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Based on Figure 4.14, the maximum temperature of the stainless steel is 565˚C, which is
the same at the molten salt. The temperature at the intersection corrosion stainless steel and upper
layer of encasing stainless steel is 564.355˚C. The temperature at the intersection of the upper
layer of encasing stainless steel and encased insulating sand is 563.958˚C. The temperature at the
intersection of the encased insulating sand and lower layer of encasing stainless steel is 87.708˚C.
Lastly, the minimum temperature of the lower layer of encasing stainless steel, which is in contact
with the ground below, is 87.311˚C.
Figure 4.15 shows the temperature profile below the ground over time elapsed and depth
below the ground for the 565˚C Truncated Spherical MS Storage Tank. For the entire lifespan, it
is expected that the temperature at the top of the ground soil layer that the temperature will be
87.311˚C, which is the same temperature as the minimum temperature of the carbon steel at the
bottom of the tank. After five years, it is expected that the soil returns to its permanent temperature
of 15˚C at a depth of 116 feet (35.357 meters). After 10 years, it is expected that the soil returns
to its permanent temperature at a depth of 163 feet (49.682 meters). After 25 years, it is expected
that the soil returns to its permanent temperature at a depth of 258 feet (78.638 meters). Finally,
after 50 years, it is expected that the soil returns to its permanent temperature at a depth of 364 feet
(110.947 meters).
Figure 4.16 shows the temperature profile of the roof insulation for the 565˚C Truncated
Spherical MS Storage. Based on this figure, the maximum temperature of the corrosion stainless
steel in the roof section is 522.083°C. The temperature at the intersection of the corrosion and
structural stainless steel layers is 521.993°C. The temperature at the intersection of the structural
stainless steel and Kaowool insulation is 521.404°C. Lastly, the minimum temperature of the
Kaowool insulation is 37.979°C.
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Figure 4.16: 565°C Truncated Spherical MS Storage Tank Roof Temperature Profile
Green is Kaowool Insulation | Red is Structural SS316 | Blue is Corrosion SS316
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Figure 4.17: 565°C Truncated Spherical MS Storage Tank Side Temperature Profile
Blue is Kaowool Insulation | Green is Structural SS316 | Red is Corrosion SS316
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Figure 4.17 shows the temperature profile for the side section of the 565˚C Truncated
Spherical MS Storage. Based on this figure, the maximum temperature of the corrosion stainless
steel in the side section is 565°C, which is the temperature of the molten salt. The temperature at
the intersection of the corrosion and structural stainless steel layers is 564.902°C. The temperature
at the intersection of the structural stainless steel and Kaowool insulation is 564.266°C. Lastly,
the minimum temperature of the Kaowool insulation is -10°C, which is the ambient temperature,
because there is no convection component to the side section analysis.

4.6

INITIAL HEAT TRANSFER DESIGN AND ANALYSIS FOR 565°C DROP SHELL

MS STORAGE TANK
A preliminary insulation design and heat transfer analysis was performed for the 565°C
Drop Shell MS Storage Tank. The full design calculations are provided for in Appendix N. The
full heat transfer calculations are provided in Appendix O. Table 4.33 shows the steel thicknesses
of the tank that are used in the design and analysis.

Table 4.33: Steel Thicknesses of the 565°C Drop Shell MS Tank Using the 250 W/m2 Las Vegas Case Design
Material
Maximum Side SS316 Steel
Top Encasing SS316 Steel
Remaining Encasing SS316 Steel

Thickness (inches)
1.875
1.250
1.000

Based on Table 4.33, the maximum thickness of the side SS316 stainless steel is 1.875
inches (47.6 mm). The box encasing the insulating sand is 1.25 inches (31.8 mm) thick at the top
of the box and one inch (25.4 mm) thick for the rest of the box. Table 4.34 shows the required and
used thicknesses of the thermal insulation of the 565°C Drop Shell MS Storage Tank.
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Table 4.34: Insulation Thicknesses in Inches of the 565°C Drop Shell MS Tank Using the 250 W/m2 Las
Vegas Case Design
Material
Encased Insulating Sand
Side Kaowool Insulation
Roof Kaowool Insulation

Required
29.721
10.846
9.007

Used
30
11
10

Based on Table 4.34, the required thickness of the insulating sand at the bottom of the tank
is 29.721 inches (755 mm). The required thickness of the Kaowool insulation along the side is
10.846 inches (275 mm), while the required thickness on top of the roof is 9.007 inches (229 mm).
Ultimately, the used thickness of the insulating sand at the bottom of the tank is 30 inches (762
mm). Also, the used thickness of the Kaowool insulation along the side is 11 inches (279 mm),
while the used thickness on top of the roof is 10 inches (254 mm). Table 4.35 shows the average
heat flux of each section of the 565˚C Drop Shell MS Storage Tank.

Table 4.35: Resulting Heat Fluxes of the 565°C Drop Shell MS Tank Using the 250 W/m2 Las Vegas Case
Design
Tank Section
Heat Flux (W/m2)

Bottom
1.871

Roof
228.329

Side
246.642

Based on Table 4.35, the average heat flux for the bottom of the tank is 1.871 W/m2. The
average heat flux for roof section of the tank is 228.329 W/m2. The average heat flux for side
section of the tank is 246.642 W/m2. This results in an average total heat loss of 752.288 kW.
Shown in Figure 4.18 is the temperature profile for the ground insulation of the 565˚C Drop
Shell MS Storage Tank. Based on this figure, the maximum temperature of the corrosion
stainless steel is 565˚C, which is the same at the molten salt. The temperature at the intersection
corrosion stainless steel and upper layer of encasing stainless steel is 564.355˚C. The temperature
at the intersection of the upper layer of encasing stainless steel and encased insulating sand is
563.958˚C. The temperature at the intersection of the encased insulating sand and lower layer of
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encasing stainless steel is 87.708˚C. Lastly, the minimum temperature of the lower layer of
encasing stainless steel, which is in contact with the ground below, is 87.311˚C.
Figure 4.19 shows the temperature profile below the ground over time elapsed and depth
below the ground for the 565˚C Drop Shell MS Storage Tank. For the entire lifespan, it is expected
that the temperature at the top of the ground soil layer that the temperature will be 87.311˚C, which
is the same temperature as the minimum temperature of the carbon steel at the bottom of the tank.
After five years, it is expected that the soil returns to its permanent temperature of 15˚C at a depth
of 116 feet (35.357 meters). After 10 years, it is expected that the soil returns to its permanent
temperature at a depth of 163 feet (49.682 meters). After 25 years, it is expected that the soil
returns to its permanent temperature at a depth of 258 feet (78.638 meters). Finally, after 50 years,
it is expected that the soil returns to its permanent temperature at a depth of 364 feet (110.947
meters).
Figure 4.20 shows the temperature profile of the roof insulation for the 565˚C Drop Shell
MS Storage. Based on this figure, the maximum temperature of the corrosion stainless steel in the
roof section is 522.083°C. The temperature at the intersection of the corrosion and structural
stainless steel layers is 521.993°C. The temperature at the intersection of the structural stainless
steel and Kaowool insulation is 521.404°C. Lastly, the minimum temperature of the Kaowool
insulation is 37.979°C.
Figure 4.21 shows the temperature profile for the side section of the 565˚C Drop Shell MS
Storage. Based on this figure, the maximum temperature of the corrosion stainless steel in the side
section is 565°C, which is the temperature of the molten salt. The temperature at the intersection
of the corrosion and structural stainless steel layers is 564.902°C. The temperature at the
intersection of the structural stainless steel and Kaowool insulation is 564.266°C. Lastly, the
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minimum temperature of the Kaowool insulation is -10°C, which is the ambient temperature,
because there is no convection component to the side section analysis.

Figure 4.18: 565°C Drop Shell MS Storage Tank Ground Insulation Temperature Profile
Red is the Corrosion SS316 | Green is the Structural SS316 | Orange is the Insulating Sand | Blue is the
Bottom SS316
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Figure 4.19: 565°C Drop Shell MS Storage Tank Below Ground Soil Temperature Profile Based on Soil
Depth and Time Elapsed (Orange is 5 Years, Red is 10 Years, Green is 25 Years, and Blue is 50 Years)
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Figure 4.20: 565°C Drop Shell MS Storage Tank Roof Temperature Profile
Green is Kaowool Insulation | Red is Structural SS316 | Blue is Corrosion SS316
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Figure 4.21: 565°C Drop Shell MS Storage Tank Side Temperature Profile
Blue is Kaowool Insulation | Green is Structural SS316 | Red is Corrosion SS316
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4.7

CONCLUSIONS
An exhaustive heat transfer analysis was performed on the MS storage shells at 565°C and

700°C to determine the heat loss scenarios to determine the heat loss scenarios: linear conductivity
analysis of the structural and heat convection analysis of the outside shell surface. The rooftop
shells for cylindrical storage shells were presented earlier in this research as having alternative
designs both in shape and in heights. Ultimately, it was decided that the elliptical roof shells as
the preferred shape. Various heat transfer loss due to conduction and convection from these
elliptical rooftop shells were presented to help the designers in their final design of the MS storage
shells. For the heat transfer analysis, the elliptical shells are replaced with configurations of
equivalent area, which include a full flat plate surface configuration, a combined cylindrical and
flat plate configuration with the same radius as the cylindrical storage shell, resulting in a height
that is smaller than the actual elliptical roof height, and lastly a combined flat plate and cylindrical
configuration with the same height as the elliptical roof, which results in a smaller radius than the
actual radius of the cylindrical storage shell. This important finding of convection heat loss will
provide an approximate temperature distribution, which can be checked against convection heat
transfer analysis for a finite element model in COMSOL, which is discussed further in Chapter 5.
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CHAPTER 5
NUMERICAL STRUCTURAL THERMAL
ANALYSIS OF THE STRESSES IN THE 700°C MS
CYLINDRICAL MS STORAGE TANK USING
COMSOL
5.1

INTRODUCTION
A finite element analysis (FEA) was conducted using Version 5.4 of COMSOL to

determine the full thermal stress and total stress distribution of the 700°C Cylindrical MS Storage
Tank, as well as the resulting temperature distributions are associated with said stress distributions.
The full analysis report is included in Appendix P. As stated in Chapter 3, the structural design
provided should allow for full free thermal expansion, which means there should not be any
thermal stresses in the model.

All definitions are based on Version 5.4 of the COMSOL

Multiphysics Reference Manual (2018).

5.2

COMSOL INPUTS
In order to perform the FEA in COMSOL, inputs must be provided for the Finite Element

Model (FEM). This process started by importing an AutoCAD drawing of the 700°C Cylindrical
MS Storage Tank into COMSOL as a 2-D axisymmetric model, refining it, and then defining the
material properties for all the components of the tanks as well as constructing a mesh for the FEM.
After that, the appropriate loading and heat transfer conditions must added to the model. Lastly,
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the last input condition is to define a time study for the model before running the simulation, which
in this model correlates to the 50 year life span of the model.
In an axisymmetric model, a 3D shape is generated by revolving a 2D outline about an axis
of revolution. As such, this allows for a 3D model to be solved as a 2D model because of the
symmetry. A full explanation is provided by Cook (1995):
The term “3D solid” is used to mean a three-dimensional solid that is unrestricted as to
shape, loading, material properties, and boundary conditions. A consequence of this
gen-erality is that all six possible stresses (three normal and three shear) must be taken into
account. Also, the displacement field involves all three possible components. u, v, and w.
Typical finite elements for 3D solids are tetrahedra and hexahedra. with three translational
d.o.f. per node.
Problems of beam bending, plane stress, plates, and so on, can all be regarded as special
cases of a 3D solid. Why then not simplify FE analysis by using 3D elements to model
everything? In fact, this would not be a simplification. 3D models are the hardest to prepare,
the most tedious to check for errors, and the most demanding of computer resources. Also,
some 3D elements would become quite elongated in modeling beams, plates, and shells;
this invites locking behavior and ill-conditioning.
A solid of revolution, also called an axisymmetric solid, is generated by revolving a
plane figure about an axis in the plane. Common examples include a hose nozzle and a
light bulb, although the light bulb has a very thin wall and would be properly classed as a
shell of revolution for stress analysis purposes. Loads and supports may or may not have
axial symmetry. Initially, we will consider the case where geometry, elastic properties,
loads, and supports are all axisymmetric. Consequently, nothing varies with the
circumferential coordinate ߠ, material points displace only radially and axially, and shear
stresses ߬ఏ and ߬ఏ௭ , are both zero. Thus the analysis problem is mathematically twodimensional. Axisymmetric finite elements are often pictured as plane triangles or
quadrilaterals, but these plane shapes are actually cross sections of annular elements, and
what appear to be nodal points are actually nodal circles.
Because of the information above, it is apparent that an axisymmetric model has four
degrees of freedom versus six in a traditional 3D model. This reality is reflected in Equations 5.1
through 3. Equation 5.1 is the general strain matrix for a node, which can be used in both
axisymmetric and traditional 3D models. For traditional 3D models, matrix  is a 6 x 3n matrix,
with ݊ representing the number of nodes in the model, and vector  is a 3n x 1 vector, which leads
to vector ઽ being a 6 x 1 vector. As for an axisymmetric model,  is a 4 x 2n matrix and  is a 2n
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x 1 vector, which means ઽ is a reduced 4 x 1 vector in an axisymmetric model. Equation 5.2 details
how the stiffness matrix is calculated in a traditional 3D model with ݊ nodes. As mentioned earlier,
the  matrix in a traditional 3D model is a 6 x 3n matrix, which means that the  matrix must be
a 6 x 6 matrix for the matrix math to occur, which results in the  matrix being a 3n x 3n matrix.
Equation 5.3 details how the stiffness matrix is calculated in an axisymmetric model with ݊ nodes.
As mentioned earlier, the  matrix in an axisymmetric model is a 4 x 2n matrix, which means that
the  matrix must be a 4 x 4 matrix for the matrix math to occur, which results in the  matrix
being a reduced 2n x 2n matrix.
ઽ ൌ 

(5.1)

 ൌ ݖ݀ݕ݀ݔ݀ ்   

(5.2)

 ൌ ݖ݀ߠ݀ݎ݀ ்   

(5.3)

Cook (1995) also explains the boundary condition requirements posed by axisymmetric
analysis:
To prevent singularity of , boundary conditions on a 3D solid must suppress six rigidbody motions: translation along, and rotation about, each of the three coordinate axes. In a
solid of revolution with axisymmetric deformations, translation w along the z axis is the
only possible rigid-body motion. Accordingly,  will be nonsingular if w is prescribed at
only one node (or, stated more properly, around one nodal circle).
An axisymmetric radial component of load is statically equivalent to zero, but this does
not mean that it can be discarded from the load vector. It still produces deformation and
stress. Over the circumference, a radial line load of q units of force per unit of
(circumferential) length is regarded as contributing a radial force ʹߨ ݍݎof units to the load
vector. where r is the radius at which q acts. Likewise, a moment of  ܯN·m per unit of
(circumferential) length is statically equivalent to zero but is regarded as applying a
moment about the e direction of ʹߨ ܯݎN·m. Similar remarks can be made for the radial
body force load associated with spinning about the z axis.
An unrestrained body that is homogeneous and either isotropic or rectilinearly
or-thotropic is unstressed by temperature change if the temperature field is either constant
or linear in Cartesian coordinates xyz. An unrestrained solid of revolution that is either
isotropic or cylindrically orthotropic is not unstressed by a temperature field that is linear
in radius r of cylindrical coordinates. The solid of revolution would remain stress-free if
the temperature field is either constant or a linear function of axial coordinate z only.
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Although a plane FE model and the cross section of an axisyrnrnetic FE model look
alike, and each uses the same pattern of nodal d.o.f., it is physically meaningless to couple
them together. Physically, such a connection would not produce axisymmetric
deformations in the solid of revolution. If this kind of connection is actually intended. it
will usually be necessary to model the solid of revolution by 3D elements.

Figure 5.1: 700°C Cylindrical MS Storage Tank Outline and Surrounding Components

In order to perform the FEA of the 700°C Cylindrical MS Storage Tank, a model must be
created. This was done by importing an AutoCAD file of the tank outline into a 2-D axisymmetric
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analysis in COMSOL. Shown in Figure 5.1 is the model of the 700°C Cylindrical MS Storage
Tank that was created for COMSOL. This model was drawn in AutoCAD and imported as DXF
file into COMSOL, with COMSOL then constructing the tank components. After importing the
tank model, a rectangular section was added for the 60 foot wide section below the prestressed
concrete slab to allow for the extra depth of sand in the FEM. In addition, another rectangle was
included for the portion of the ground below that exists to the side of prestressed slab. This
addition was for the 500 foot by 500 foot and 1,000 foot by 1,000 foot configurations.
Table 5.1 details the number of elements and their properties from the mesh used in the
FEM under three different scenarios. An initial analysis was done by limiting the below ground
section below the tank to 500 feet by 60 feet. After it was apparent that this section needed to be
expanded to accommodate the full heat transfer effects, it was expanded to 500 feet by 500 feet.
Lastly, the FEM was analyzed by expanding the below ground section to 1,000 feet by 1,000 feet
to see if the heat transfer effects would settle or not, and they did settle.

Table 5.1: Element Properties of the Various FEM Configurations
Ground Configuration
Triangular Elements
Edge Elements
Vertex Elements
Minimum Element Quality
Average Element Quality
Maximum Element Size (in)
Minimum Element Size (in)
Curvature Factor
Maximum Element Growth Rate

500’ x 60’
46,903
8,299
61
0.007676
0.9086
442
1.98
0.3
1.3

500’ x 500’
47,381
8,343
63
0.007676
0.9094
442
1.98
0.3
1.3

1000’ x 1000’
47,261
8,314
63
0.007255
0.8987
844
3.78
0.3
1.3

Based on Table 5.1, the number of elements in each of these configurations are roughly the
same. In the 500 foot by 60 foot below ground configuration, there are 46,903 triangular elements,
8,299 edge elements, and 61 vertex elements. In the 500 foot by 500 foot below ground
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configuration, there are 47,381 triangular elements, 8,343 edge elements, and 63 vertex elements.
In the 1,000 foot by 1,000 foot below ground configuration, there are 47,261 triangular elements,
8,314 edge elements, and 63 vertex elements. The minimum element quality is 0.007676 for the
500 foot by 60 foot configuration as well as the 500 foot by 500 foot configuration, and 0.8987 for
the 1,000 foot by 1,000 foot configuration. The average element quality is 0.9086 for the 500 foot
by 60 foot configuration, 0.9094 for the 500 foot by 500 foot configuration, and 0.8987 for the
1,000 foot by 1,000 foot configuration.

The maximum element size in inches for these

configurations is 442 for the 500 foot by 60 foot configuration as well as the 500 foot by 500 foot
configuration, and 844 for the 1,000 foot by 1,000 foot configuration. The maximum element size
in inches for these configurations is 1.98 for the 500 foot by 60 foot configuration as well as the
500 foot by 500 foot configuration, and 3.78 for the 1,000 foot by 1,000 foot configuration. The
curvature factor, which limits how the elements along curved surfaces are sized, is set to its default
setting of 0.3 for all simulations. The growth factor, which dictates how neighboring elements are
sized relative to each other, is also set to its default setting of 1.3 for all simulations. All of this
information indicates that increasing the size of the below ground section of the FEM will result
in size increases of the elements since the number of elements for each configuration only varies
slightly (COMSOL 2018).
Triangular elements were used since they fully fit without discontinuities to the varying
geometry of the tank, the hybrid wall structure of the cylinder, and the various geometries
presented in this research of the top roof shells. The triangular elements provide natural transition
at corners and between different materials of the structure and the foundation. It is important to
note that COMSOL only allows triangular elements in soils insulators because soils are not elastic,
even if fully compacted as recommended under the shell bottom plate. Also, triangular elements
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are preferred for heat transfer analysis. Therefore a full and smooth transition between the bottom
plate and the sand layers and the rest of the foundation structure under the 700°C Cylindrical MS
Storage Tank.
Initial conditions for the FEM includes an ambient temperature for air of 20°C. As such,
all tank components that are above ground are set as starting at this temperature, with the exception
of the inner most boundaries of stainless steel layer. For those boundaries, the temperature is set
for 700°C, corresponding with the temperature of the molten salt.

For all underground

components, the starting temperature is 15°C. In addition, the inner most boundary of the stainless
steel has boundary loads that correspond to the hydrostatic pressure of the molten salt, which has
a unit weight of 19,908 N/m³.
Figure 5.2 shows the mesh for sections around the 700°C Cylindrical MS Storage Tank.
Figure 5.3 shows a close up of the mesh around the tank roof. Figure 5.4 shows a close up of the
mesh around the junction of the shell wall and the base of the tank. Figure 5.5 shows the full mesh
used for the below ground section of the tank in the 1,000 foot by 1,000 foot configuration. Based
on these figures, it is apparent that the elements for most of the structural and insulating layers of
the tank are smaller in size, which makes sense since some of the material thicknesses are relatively
thin, such as both the stainless and carbon steel layers. The below ground mesh elements on the
other hand are larger in size to the larger material sizes comprising this section.
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Figure 5.2: Close Up of 700°C Cylindrical MS Storage Tank Mesh
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Figure 5.3: Close Up of 700°C Cylindrical MS Storage Tank Roof Mesh

Figure 5.4: Close Up of 700°C Cylindrical MS Storage Tank Mesh at the Shell Wall and Base Junction
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Figure 5.5: Below Ground Mesh of 700°C Cylindrical MS Storage Tank

Figure 5.6 shows the material properties used in the FEA for the 700°C Cylindrical MS
Storage Tank. The six materials used include carbon steel, stainless steel, ceramic insulation,
insulating firebrick, concrete, and silica sand. Important properties that are included are density,
Young’s modulus, Poisson’s ratio, thermal conductivity, heat capacity, and the coefficient of
thermal expansion.
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Figure 5.6: 700°C Cylindrical MS Storage Tank Material Properties Used in COMSOL
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Figure 5.7 shows the equations used by COMSOL for determining the coefficient of
convection for the vertical wall, which is used for determining the convection along the tank wall.
Figure 5.8 shows the equations used in determining the coefficient for convection in flat plate
conditions, which is used for determining convection from the ground as well as the top of the tank
(COMSOL 2018).

Figure 5.7: Vertical Wall Convection Equations (COMSOL 2018)

Figure 5.8: Flat Plate Convection Equations (COMSOL 2018)

Based on the COMSOL Multiphysics Reference Manual (2018), this is what is said about
convection:
The difference between natural and forced convection is that in the forced convection an
external force such as a fan creates the flow. In natural convection, buoyancy forces
induced by temperature differences together with the thermal expansion of the fluid drive
the flow.
Heat transfer books generally contain a large set of empirical and theoretical correlations
for h coefficients. This module includes a subset of them. The expressions are based on
the following set of dimensionless numbers:
• The Nusselt number, NuL = hL » k
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• The Reynolds number, ReL = ȡUࣟL » ȝ
• The Prandtl number, Pr = ȝCp » k
• The Rayleigh number, RaL = GrLPr
where:
• h is the heat transfer coefficient (SI unit: W/(m2·K))
• L is the characteristic length (SI unit: m)
• ǻT is the temperature difference between the surface and the external fluid bulk
(SI unit: K)
• g is the acceleration of gravity (SI unit: m/s2)
• k is the thermal conductivity of the fluid (SI unit: W/(m·K))
• ȡ is the fluid density (SI unit: kg/m3)
• U is the bulk velocity (SI unit: m/s)
• ȝ is the dynamic viscosity (SI unit: Pa·s)
• Cp is the heat capacity at constant pressure of the fluid (SI unit: J/(kg·K))
Further, GrL refers to the Grashof number, which is the squared ratio of the viscous time
scale to the buoyancy time scale multiplied by the Reynolds number.
Figure 5.9 details the equations used for conduction in the FEM in COMSOL. These are
used to determine the heat flux due to conduction in the tank materials.

Figure 5.9: Conductive Heat Transfer Equations (COMSOL 2018)

Based on the COMSOL Multiphysics Reference Manual (2018), this is what is said about
conduction:
•
•
•
•
•

ȡ (SI unit: kg/m) is the solid density.
Cp (SI unit: J/(kg·K)) is the solid heat capacity at constant pressure.
k (SI unit: W/(m·K)) is the solid thermal conductivity (a scalar or a tensor if the
thermal conductivity is anisotropic).
u (SI unit: m/s) is the velocity field defined by the Translational Motion subnode
when parts of the model are moving in the material frame.
Q (SI unit: W/m) is the heat source (or sink). Add one or several heat sources as
separate physics features. See Heat Source node and Thermoelastic Damping
subnode for example.

The thermal conductivity k describes the relationship between the heat flux vector q and
the temperature gradient T in q = −kT, which is Fourier’s law of heat conduction.
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Chapter 8 of Cook (1995) also provides a comprehensive explanation of the heat transfer
equations often used in FEM analysis.
Figure 5.10 details the equations used in performing the structural analysis of the structure
in COMSOL for all materials, which are linearly elastic. These equations use energy methods to
determine the resulting stress-strain conditions.

Figure 5.10: Structural Analysis Equations for Linearly Elastic Materials (COMSOL 2018)

The total stresses in the analysis are the Von Mises stresses in the shell, which is described
in Equation 5.4, represent a 3D state of stress which includes hoop stresses in the circumferential
directions. Since there is no motion, the acceleration term is zero. If an earthquake FEM is
performed, COMSOL could handle it with the use of Fourier series terms used in axisymmetric
analysis. Detailed in Equation 5.5 is a Fourier Series loading equation, with displacement
equations following in a similar pattern. Fourier series always have sine and cosine terms, with ݊
representing the harmonic number in the sequence, while  ݍ and  ݍ௦ represent the initial
magnitudes of the series (Cook 1995).
ଵ

ߪ ൌ ට ሾሺߪଵ െ ߪଶ ሻଶ  ሺߪଵ െ ߪଷ ሻଶ  ሺߪଶ െ ߪଷ ሻଶ ሿ

(5.4)

ஶ
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ୀሺ ݍ  ݊ߠሻ  σୀሺ ݍ௦  ݊ߠሻ

(5.5)

ଶ

The last major input consideration for the FEM was the time study for the analysis. Since
the tank design calls for a 50 year life span, this meant that a time dependent study would be
performed instead of a stationary study. For the time study, the FEA was performed at one-year
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intervals until the 50 year life span was reached for both the heat transfer analysis and structural
analysis, which was incorporating the effects of thermal expansion.

5.3

COMSOL RESULTS
Once all the inputs have been determined and entered into the FEM, computation can be

performed, resulting in the output of both stress and temperature distributions for the FEM. In
addition, the completion of computation for the FEM also allows for the generation of the complete
FEA report by COMSOL. As mentioned earlier, the time study performed analysis at one year
intervals until it reached the 50 year life span, but all results shown in this section specifically
focus on those that occur at the 50 year mark.
The first goal of the FEA with COMSOL was to verify the effects of thermal expansion.
Figure 5.11 shows the resulting thermal stresses in the 700°C Cylindrical MS Storage Tank and
its surroundings.

Figure 5.11: Thermal Stresses for the 700°C Cylindrical MS Storage Tank
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Based on Figure 5.11, there are no thermal stresses in the 700°C Cylindrical MS Storage
Tank, which is anticipated because of the free thermal expansion that was built into the structure
for the steel layers by providing appropriate pre calculated gaps between various shell components
that will expand and contact each other as the temperature rises when the salt is added and then
thermally liquified. Similarly, the bottom of the tank could slide freely, upon being heated, over
the granular sand without causing any damage to the bottom plate of the 700°C Cylindrical MS
Storage Tank. Based on Ladkany et al. (2018b), this is what is said about soil shear behavior:
When considering the design of granular soils for use in a foundation design, the
friction angle must be considered to determine the shear conditions. Tables 5.2 through
5.4 present various results for determining the friction angle from the type of soil and the
penetration of the soil. For the design of both foundations presented, dense sand is used.

Table 5.2: Empirical Values for f of Granular Soils Based on the Standard Penetration Number
(Angle 2012)
SPT Penetration
N-Value
(blows/ foot)
f (degrees)
0
25 – 30
4
27 – 32
10
30 – 35
30
35 – 40
50
38 – 43

Table 5.3: Relationship Between f and Standard Penetration Number for Sands (Angle 2012)
SPT Penetration
N-Value
(blows/ foot)
f (degrees)
Density of Sand
<4
Very loose
<29
4 – 10
Loose
29 – 30
10 – 30
Medium
30 – 36
30 – 50
Dense
36 – 41
>50
Very dense
>41
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Table 5.4: Relationship Between f and Standard Penetration Number for Sands (Angle 2012)
SPT Penetration
N-Value
(blows/ foot)
f (degrees)
Density of Sand
<4
Very loose
<30
4 – 10
Loose
30 – 35
10 – 30
Medium
35 – 40
30 – 50
Dense
40 – 45
>50
Very dense
>45

The last major consideration for the design of the foundation is to determine the shear
stresses between the supporting layer of sand and the bottom of the tank due to thermal
expansion of the steel cylindrical tank. Equation 5.2 shows the change in radius due to
thermal expansion. Equation 5.3 shows the shear stress based on the compression stress
exerted on the soil.
οܴ ൌ ߙܴοܶ
߬ ൌ ܿ  ߪ  ߶

(5.6)
(5.7)

Based on Equation 5.6, οܴ is the change in the radius of the foundation, ܴ is the design
radius of the foundation, ߙ is thermal expansion coefficient of steel (ͳ͵ ൈ ͳͲି Ԩିଵ), and
οܶ is the change in temperature of the steel, which is 560 degrees Celsius (HyperPhysics).
Ultimately, this results in the radius of the tank expanding by 3.493 inches (88.7 mm).
Based on Equation 5.7, ߬ is the shear stress, ߪ is the compressive stress, ܿ is the
cohesion, and ߶ is the angle of internal friction in the soil. The compressive stress of the
soil, which is equal to the weight of the tank and molten salt divided by the area of its base
above the foundation, is 5,017 psf (240.2 kPa). The cohesion in the soil is five percent of
the bearing stress (6,000 psf), so this results in a cohesion value of 300 psf. Using an angle
of internal friction of 35 degrees for loose and coarse sand, the shear stress due to thermal
expansion is 3,813 psf (182.6 kPa). Should the coarse get compacted under the tank load,
an angle of internal friction could rise to 45 degrees which results in a maximum shear
stress 5,317 psf (254.6 kPa). The shear stresses produced by the sand layer is 36.926 psi
at which the soil will shear under the bottom of the tank, is negligible compared to the
shear strength of the steel bottom (21.6 ksi) or the concrete foundation (348.6 psi).
The thermal conductivity of quartz sand at 250ႏ is 0.31 W/m-K and 0.48 W/m-K at
560ႏ, with a closely linear variation in between (Bauman and Zunft 2011). In conclusion,
the sand layer will allow for an unimpeded expansion of the molten salt tank without any
damage to either the bottom of the tank or the concrete foundation.
Figure 5.12 shows the 3D temperature profile for the 500 foot by 60 foot below ground
configuration, while Figure 5.13 shows the 2D isothermal temperature profile for said
configuration. Figure 5.14 shows the 3D temperature profile for the 500 foot by 500 foot below
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ground configuration, while Figure 5.15 shows the 2D isothermal temperature profile for said
configuration. Figure 5.16 shows 3D temperature profile for the 1,000 foot by 1,000 foot below
ground configuration, while Figure 5.17 shows the 2D isothermal temperature profile for said
configuration. Based on these figures, it was apparent in the temperature profile for the 500 foot
by 60 foot configuration that the heat was not properly dispersing as a result of the below ground
section being limited to a width of 60 feet. As such, the FEA was then performed on the 500 foot
by 500 foot below ground configuration to see how the heat would dissipate below ground, it
became apparent that widening the width of the below ground section to 500 feet did allow for
heat dispersion.

Lastly, the FEA was then performed with the 1,000 foot by 1,000 foot

configuration to see if the temperature distribution stabilized, and it did.

159

Figure 5.12: 3D Temperature Profile for the 500’ x 60’ Below Ground Configuration in Celsius
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Figure 5.13: Isothermal Temperature Profile for the 500’ x 60’ Below Ground Configuration in Celsius
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Figure 5.14: 3D Temperature Profile for the 500’ x 500’ Below Ground Configuration in Celsius
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Figure 5.15: Isothermal Temperature Profile for the 500’ x 500’ Below Ground Configuration in Celsius
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Figure 5.16: 3D Temperature Profile for the 1,000’ x 1,000’ Below Ground Configuration in Celsius
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Figure 5.17: Isothermal Temperature Profile for the 1,000’ x 1,000’ Below Ground Configuration in Celsius

Based on these temperature profiles, it was possible to determine the temperatures at
various critical points and compare to each other as well as the theoretical values. Table 5.5 shows
the FEM centerline ground temperatures by configuration, comparing against theoretical values.
Table 5.6 shows the FEM shell wall temperatures by configuration at the bottom of the shell wall,
comparing against theoretical values. Table 5.7 shows the FEM shell wall temperatures by
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configuration at the top of the shell wall, comparing against theoretical values. Table 5.8 shows
the FEM centerline roof temperatures by configuration, comparing against theoretical values.
Table 5.9 shows the FEM roof temperatures by configuration at the junction with the shell wall,
comparing against theoretical values. All temperatures values are at the end of the 50 year life
span, with the theoretical temperatures values being those that were presented in Chapter 4.

Table 5.5: FEM Centerline Ground Temperatures by Configuration Versus Theoretical Values (°C)
Interval
Upper Edge of the Stainless Steel
Stainless Steel and Upper Sand Junction
Upper Sand and Firebrick Junction
Firebrick and Carbon Steel Junction
Carbon Steel and Lower Sand Junction
Lower Sand and Slab Junction
Lower Edge of the Prestressed Slab

Theoretical
700.00
699.96
668.21
90.94
90.54
88.31
85.21

500’ x 60’
700.00
699.99
697.21
585.67
585.59
532.76
504.37

500’ x 500’
700.00
699.97
696.99
573.85
573.77
514.97
482.98

1000’ x 1000’
700.00
699.97
696.99
573.85
573.77
514.97
482.98

Table 5.6: FEM Shell Wall Temperatures by Configuration Versus Theoretical Values at Shell Bottom (°C)
Interval
Inner Edge of the Stainless Steel
Stainless Steel and Firebrick Junction
Firebrick and Carbon Steel Junction
Carbon Steel and Insulation Junction
Outer Edge of the Ceramic Insulation

Theoretical
700.00
699.96
510.74
510.35
-10.00

500’ x 60’
700.00
699.83
444.89
443.08
62.10

500’ x 500’
700.00
699.79
441.11
440.68
61.43

1000’ x 1000’
700.00
699.79
441.11
440.68
61.43

Table 5.7: FEM Shell Wall Temperatures by Configuration Versus Theoretical Values at the Shell Top (°C)
Interval
Inner Edge of the Stainless Steel
Stainless Steel and Firebrick Junction
Firebrick and Carbon Steel Junction
Carbon Steel and Insulation Junction
Outer Edge of the Ceramic Insulation

Theoretical
700.00
699.97
545.53
545.22
120.52

500’ x 60’
700.00
699.94
359.87
359.56
52.78

500’ x 500’
700.00
699.94
359.67
359.38
52.55

1000’ x 1000’
700.00
699.94
359.67
359.38
53.61

Table 5.8: FEM Centerline Roof Temperatures by Configuration Versus Theoretical Values (°C)
Interval
Inner Edge of the Carbon Steel
Carbon Steel and Insulation Junction
Outer Edge of the Ceramic Insulation

Theoretical
655.18
654.80
40.11
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500’ x 60’
20.03
20.06
20.06

500’ x 500’
20.03
20.06
20.06

1000’ x 1000’
20.03
20.06
20.06

Table 5.9: FEM Roof Temperatures by Configuration Versus Theoretical Values at Shell Wall Junction (°C)
Interval
Inner Edge of the Carbon Steel
Carbon Steel and Insulation Junction
Outer Edge of the Ceramic Insulation

Theoretical
700.00
699.95
132.23

500’ x 60’
359.87
359.56
24.41

500’ x 500’
359.67
359.38
24.38

1000’ x 1000’
359.67
359.38
24.10

For the 700°C Cylindrical MS Storage Tank, the 500 foot by 500 foot ground configuration
and 1,000 foot by 1,000 foot ground configuration have nearly identical temperatures in all
elements, which means that the heat transfer solution has settled with the expanded ground
configurations. As for the roof and shell wall temperatures, there is not any significant variation
in the temperatures between the configurations. However, the shell wall and roof temperatures are
smaller than the theoretical values, especially for the upper portion of the tank. The FEM models
have carbon steel shell wall temperatures that are 70°C cooler at the bottom of the wall and 185°C
cooler at the top of the wall when compared to the theoretical values. The FEM models have outer
edge temperatures that are 70°C warmer at the bottom of the wall and 70°C cooler at the top of the
wall, when compared to the theoretical values. This indicates that the convection along the side
wall and roof is greater than the calculated results. One reason for this is that the convection bubble
in the FEMs starts at ground level, whereas the calculated results start convection at the bottom
salt level, which is 31.75 inches (806 mm) above the ground level. Another reason is that the
convection analysis in COMSOL uses a more conservative approach for convection. In addition,
the temperatures in the roof sections are significantly smaller because the FEM will not allow for
allow for a boundary temperature along where the top molten salt line would exist. As such, the
700°C heat source that exists at that location cannot be incorporated into the model, and as such,
the roof temperatures are significantly affected, resulting in centerline roof temperatures that are
close to the ambient temperature of 20°C. This phenomenon could also have a slight effect as well
on the temperatures for the upper portion of the shell wall.
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There is a slight variation in the ground temperatures in the 500 foot by 60 foot ground
configuration when compared to the other configurations. For all configurations, the temperatures
in the ground stainless steel and upper sand layers are similar to each other, with all three
configurations being within 0.25°C within each other.

However, the 500 foot by 60 foot

configuration begins to diverge from the other configurations starting with the firebrick layer
heading downward. This also shows that the heat transfer solution has settled with the expanded
configurations. As compared to the theoretical values, the centerline ground temperatures are 400500°C higher than the theoretical values. This discrepancy can be explained by the fact that the
theoretical values were calculated with the assumption that the insulation behaviors observed the
behavior of conduction, but that the below ground section behaved as a semi-infinite material. The
FEA results for the ground temperature distribution suggests that the ground does behave like a
semi-infinite material, but that the bottom insulation layers are an extension of this behavior.
Another anomaly in the FEMs is that the ground level temperatures start decreasing moving away
from the shell wall, but then briefly increase above the edge of the prestressed concrete slab, and
then continues to decrease slightly before leveling off. This could be a quirk of the ground
convection analysis and the fact that the ground is not represented as one continuous boundary due
to the extension of the below ground section beyond the concrete slab.
Figure 5.18 shows the axisymmetric 2D total stress distribution for the 700°C Cylindrical
MS Storage Tank. Figure 5.19 shows the 3D total stress distribution for the 700°C Cylindrical
MS Storage Tank. Figure 5.20 shows the axisymmetric 2D total stress distribution for the 700°C
Cylindrical MS Storage Tank at the junction between the shell wall and the base of the tank.
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Figure 5.18: Axisymmetric Total Stress Distribution in Pascals of the 700°C Cylindrical MS Storage Tank
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Figure 5.19: 3D Total Stress Distribution in Pascals of the 700°C Cylindrical MS Storage Tank
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Figure 5.20: Axisymmetric Total Stress Distribution in Pascals of the 700°C Cylindrical MS Storage Tank at
the Junction of the Shell Wall and the Base of the Tank

Based on these figures, the maximum stress induced from the loading occurs at the
intersection of the tank wall and the tank base. The maximum stress is approximately 60
megapascals (MPa), which equates to 8,700 pounds per square inch (psi), which is located below
where the carbon steel shell wall meets the ground firebrick layer. Stress exists primarily in the
region where the side carbon steel wall, the bottom carbon steel plate, and bottom firebrick layer
meet, with some stress developing in the soil and concrete slab directly below the shell wall. This
would make sense since the structural design focused on making sure that the structural carbon
steel would be able to take all of the loading with an allowable stress of 21,600 psi. This was done
to ensure that failures in the stainless steel and/or firebrick insulation would not result in structural
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failure in the carbon steel. As such, having these layers included in the FEM would result in lower
stresses along the side wall. In addition, there are no stresses in the roof since it does not have any
applied loading on it. Table 5.10 shows the FEM stress values in the shell wall at various points
in the wall at the top and bottom of the wall.

Table 5.10: FEM Shell Wall Stresses in Pounds per Square Inch (psi) at the Top and Bottom of the Wall
Interval
Inner Edge of the Stainless Steel
Stainless Steel and Firebrick Junction
Firebrick and Carbon Steel Junction
Outer Edge of the Carbon Steel

Shell Top
0
0
0
0

Shell Bottom
1,555
512
323
796

Based on Table 5.10, the results show at the top there is no loading, which makes sense
since that is also where the top of the molten salt exists. At the tank bottom, which is measured at
the same level as the bottom of the salt, the stresses are relatively low due to the composite nature
of the tank. In addition, these stresses are lower than the maximum stress because these stresses
are measured above the stress bubble that is present in the junction between the carbon steel shell,
carbon steel plate, and the ground firebrick insulation.

5.4

CONCLUSIONS
Based on the results of the COMSOL model, it was apparent that there are no thermal

stresses in the structure as expected. The resulting total stress distribution suggests that the tank
design is adequate. However, the resulting temperature distribution does result in there being
higher than expected temperatures in the model. This could be explained by the fact that the
manual heat transfer analysis treated the ground as a semi-infinite material in the analysis. In a
finite element analysis, a finite depth of sand is required, and the 1000 foot (304.8 meter) depth
was chosen as the final depth since it is deeper than the 400 foot (121.92 meter) depth that is
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estimated to be the point that the soil temperature returns to its permanent temperature of 15°C.
As such, the width of the below ground section was selected to match that depth, and as such,
measures 1000 foot (304.8 meter) wide.

This configuration was ultimately reached after

performing earlier analyses with 500 foot by 60 foot and 500 foot by 500 foot below ground
configurations and realizing that the heat transfer solution settles as the ground configuration gets
bigger.
Based on the temperature distributions, the below ground temperatures are 400-500°C in
the area around the prestressed concrete slab, which means the bottom insulation layers are not
providing enough relative insulation for the ground. However, the above ground temperatures are
up to 185°C cooler in shell wall because of extra convection in the FEA. Centerline roof
temperatures in the FEA indicate that the center of the roof is close to ambient temperature, which
is a significant departure from the theoretical values, but this is because the model cannot properly
place the 700°C boundary temperature where the molten salt line exists.
The largest stress in the carbon steel, which exists near the junction between the carbon
steel shell wall, carbon steel shell plate, and ground firebrick, is about 40% of the allowable stress
of 21,600 ksi for the carbon steel. As for the rest of the shell wall, the stresses are relatively small
because of the fact that the stainless steel, side firebrick, and carbon steel in the shell wall all take
stresses, even though the shell was designed with the intention that the structural carbon steel be
able to take the full loading on its own should there be any failure.
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CHAPTER 6
CONCLUSIONS AND FUTURE RESEARCH
6.1

CONCLUSIONS
This research focused on the methods to improve the methods involved in storing molten

salts for energy storage. This includes exploring the use of molten salts that operate at higher
temperatures, exploring the various shapes used in designing MS storage shells, methods for
insulation, as well as the methods for generating power for MS energy storage, such as using a
Brayton cycle with higher temperature salts. Improving these methods will result in improved
efficiency and lower costs associated with MS energy storage, making MS energy storage – and
as a whole solar energy power production should MS energy storage be used in conjunction with
it – all the more feasible when considering the push to use renewable energy sources to combat
climate change. As such, a literature review was performed to examine these aspects of MS energy
storage so they could be incorporated into the designs presented in this dissertation.
Structural and insulation designs were performed on MS structural shells for cylindrical
shells, with designs for use at 565°C and 700°C, and drop shells and spherical shells at 565°C.
Both cylindrical shells use carbon steel as a structural layer and stainless steel as a corrosion liner,
with the 700°C design also incorporating a 10 inch (254 mm) insulating firebrick layer in between
the carbon and stainless steels. Both cylindrical shell designs ultimately make use of an elliptical
roof because of its ease of connection to the cylindrical shell. At the bottom of the cylindrical
shells, the stainless steel layer rests on top of a two inch (50.8 mm) layer of sand that allows for
the free thermal expansion of the stainless steel, which sits on top of an insulating layer of firebrick,
which rests on another layer of sand. Both cylindrical shells allow for a small gap inside of the

174

carbon steel to accommodate the thermal expansion of the stainless steel, which expands at a larger
rate than the carbon steel. As for the drop shell and spherical shell, a single layer of stainless steel
is used to provide structural support as well as corrosion resistance. Both shells are connected to
a stainless steel box, via a circular ring, encasing 30 inches (762 mm) of insulating sand. All four
shell designs rest on top of a three foot (914 mm) layer of sand that allows for free thermal
expansion of the tank, which sits on top of a 50 inch (1.27 meter) thick prestressed refractory
concrete slab. This is because of the expected higher temperatures in the simulation. In addition,
all four shell designs include ceramic insulation along the outside of the shell wall in order to
provide additional insulation.
Manual heat transfer calculations were performed for all four shell designs to determine
the final heat transfer effects of these shells. A finite element analysis of the 700°C cylindrical
shell revealed that the temperature distribution is slightly different compared to what was initially
calculated. The below ground temperatures were much greater than anticipated, which requires
an alteration to the design of the prestressed concrete slab. As for the above temperatures in these
tanks, the temperatures were slightly less, which could be mostly attributed to the method for
convection analysis used by COMSOL, as well as the fact that COMSOL would not allow for the
introduction of a 700°C boundary temperature along where the molten salt line would be.

6.2

FUTURE RESEARCH

6.2.1

Detailed Heat Transfer Analysis of the Drop Shell and Spherical MS Storage Tanks
One activity is to perform an advanced heat transfer analysis on the spherical and drop shell

MS storage tanks in order to determine the full array of thermal effects and to determine the heat
losses and material temperatures in the shells of each tank. Before any calculations are done, this
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would require research be performed into how external convection occurs with non-cylindrical
shells. A manual heat transfer analysis using MathCAD should be done for both tanks in order to
determine the full heat transfer effects and the resulting proper material thicknesses. After both
the heat transfer and thermal stress analyses are completed for both tanks, a finite element heat
transfer analysis using COMSOL may be performed to verify the calculated thermal stresses and
heat losses.

6.2.2

Seismic Analysis of MS Storage Shell Structures
A future structural design consideration for molten salt tank that may be explored is how

seismic activity affects the proposed shell structures. This will also be performed using finite
element analysis such as COMSOL. This approach would have to apply a Fourier series loading
condition as explained in Chapter 5.

6.2.3

Future Publications
Recent and upcoming research will be published under three journal articles, which are

listed below:
[1]

“Molten Salts IV: Structural and Preliminary Thermal Analysis of Drop Shells and Partially
Buried Spherical Shells” by Nathan Loyd and Samaan Ladkany

[2]

“Molten Salts V: Numerical Thermal Analysis of Cylindrical M.S. Solar Energy Storage
Tank” by Nathan Loyd, Samaan Ladkany, and William Culbreth

[3]

“Molten Salts VI: Seismic Analysis for a Hot Cylindrical M.S. Storage Tanks with an
Elliptical Shell Roof” by Nathan Loyd and Samaan Ladkany
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APPENDIX A
565°C CYLINDRICAL MS STORAGE SHELL
STRUCTURAL DESIGN

Refer to Chapter 3 for full discussion.
See Electronic Attachment for Appendix A.
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APPENDIX B
700°C CYLINDRICAL MS STORAGE SHELL
STRUCTURAL DESIGN

Refer to Chapter 3 for full discussion.
See Electronic Attachment for Appendix B.
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APPENDIX C
565°C DROP SHELL MS STORAGE SHELL
STRUCTURAL DESIGN

Refer to Chapter 3 for full discussion.
See Electronic Attachment for Appendix C.
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APPENDIX D
565°C TRUNCATED SPHERICAL MS STORAGE
SHELL STRUCTURAL DESIGN

Refer to Chapter 3 for full discussion.
See Electronic Attachment for Appendix D.
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APPENDIX E
STRUCTURAL DESIGN OF A 4' HIGH
ELLIPTICAL ROOF AT 565°C

Refer to Chapter 3 for full discussion.
See Electronic Attachment for Appendix E.
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APPENDIX F
STRUCTURAL DESIGN OF A 4' HIGH
PARABOLIC ROOF AT 565°C

Refer to Chapter 3 for full discussion.
See Electronic Attachment for Appendix F.
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APPENDIX G
STRUCTURAL DESIGN OF A 4' HIGH
SPHERICAL ROOF AT 565°C

Refer to Chapter 3 for full discussion.
See Electronic Attachment for Appendix G.
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APPENDIX H
STRUCTURAL DESIGN OF A 4' HIGH
SPHERICAL ROOF AT 565°C

Refer to Chapter 4 for full discussion.
See Electronic Attachment for Appendix H.
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APPENDIX I
MANUAL HEAT TRANSFER ANALYSIS FOR
565°C CYLINDRICAL MS STORAGE TANK

Refer to Chapter 4 for full discussion.
See Electronic Attachment for Appendix I.
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APPENDIX J
INSULATION DESIGN FOR 700°C CYLINDRICAL
MS STORAGE TANK

Refer to Chapter 4 for full discussion.
See Electronic Attachment for Appendix J.
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APPENDIX K
MANUAL HEAT TRANSFER ANALYSIS FOR
700°C CYLINDRICAL MS STORAGE TANK

Refer to Chapter 4 for full discussion.
See Electronic Attachment for Appendix K.
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APPENDIX L
INSULATION DESIGN FOR 565°C TRUNCATED
SPHERICAL MS STORAGE TANK

Refer to Chapter 4 for full discussion.
See Electronic Attachment for Appendix L.
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APPENDIX M
MANUAL HEAT TRANSFER ANALYSIS FOR
565°C TRUNCATED SPHERICAL MS STORAGE
TANK

Refer to Chapter 4 for full discussion.
See Electronic Attachment for Appendix M.
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APPENDIX N
INSULATION DESIGN FOR 565°C DROP SHELL
MS STORAGE TANK

Refer to Chapter 4 for full discussion.
See Electronic Attachment for Appendix N.
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APPENDIX O
MANUAL HEAT TRANSFER ANALYSIS FOR
565°C TRUNCATED SPHERICAL MS STORAGE
TANK

Refer to Chapter 4 for full discussion.
See Electronic Attachment for Appendix O.
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APPENDIX P
FULL COMSOL REPORT PRINTOUT OF 700°C
CYLINDRICAL MS TANK TEMPERATURE AND
STRESS DISTRIBUTIONS IN THE MS
CYLINDRICAL TANK WALLS AND
TEMPERATURE DISTRIBUTION IN THE TANK
FOUNDATION

Refer to Chapter 5 for full discussion.
See Electronic Attachment for Appendix P.
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APPENDIX Q
FULL DESIGN DRAWINGS FOR THE 565°C
CYLINDRICAL MS STORAGE TANK

Refer to Chapter 3 for full discussion.
See Electronic Attachment for Appendix Q
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APPENDIX R
FULL DESIGN DRAWINGS FOR THE 700°C
CYLINDRICAL MS STORAGE TANK

Refer to Chapter 3 for full discussion.
See Electronic Attachment for Appendix R.
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APPENDIX S
FULL DESIGN DRAWINGS FOR THE 565°C DROP
SHELL MS STORAGE TANK

Refer to Chapter 3 for full discussion.
See Electronic Attachment for Appendix S.
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APPENDIX T
FULL DESIGN DRAWINGS FOR THE 565°C
TRUNCATED SPHERICAL MS STORAGE TANK

Refer to Chapter 3 for full discussion.
See Electronic Attachment for Appendix T.
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